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SECONDARY FLOWS AND BOUNDARY-LAYER ACCUMULATIONS IN TURBINE NOZZLES * 

By Harold K. Rohlik, Milton G. Kofskey, Hi’bert \V. Allen, and Howard Z. Herzig 


SUMMARY 

An immtigation of secondary -flow loss patterns originati/uj in 
three sets of turbine nozzle blade passages was conducted by 
means of flow- visualization studies and detailed flow measure- 
ments. For all cases, high loss values were measured in the 
fluid doumstream of the corners formed by the suction surfaces 
of the blades and the shrouds, and these losses were accompanied 
by discharge-angle deviations from, design values. Despite 
the sizes of the loss regions and angle gradients, over-all mass- 
averaged blade efliciences were of the order of 0.99 and 0.98 and, 
therefore, are not a good index of blade performance . 

This report shows that the inner-wall loss core associated 
with a blade of a turbine nozzle cascade is largely the accumula- 
tion of low-momentum fluids originating elsewhere in the 
cascade. This accumulation is effected by the secondary-flow 
mechanism, which acts to transport the low-momentum fluids 
across the channels on the walls and radially in the blade wakes 
and boundary layers. At one flow condition investigated, the 
radial transport of low-momentum fluid in the blade wake and 
on the suction surface near the trailing edge accounted for 
approximately 65 percent of the inner-wall loss core, about 30 
percent resulting from flow in the thickened boundary layer on 
the suction surface, and about 35 percent from flow in the 
blade wake. 

The degree to which blade-surface velocity profiles ajfect the 
magnitude and concentration of loss cores was investigated by 
comparing three nozzle blade configurations. Flow-visualization 
studies and flow measurements at the lower Mach numbers 
indicate that when, as a result of unfavorable blade-surface 
velocity profiles, thickened blade boundary layers exist on the 
blades near the outer shroud, they may provide the conditions 
required for passage vortex formation. Under these condi- 
tions, sizable outer-shroud loss cores are found at the nozzle 
discharges. Blades having thinner two-dimensional profile 
boundary layers, however, appear to oflfer resistance to passage 
vortex formation near the outer shroud, and, instead, there 
results inward radial flow of low-momentum air in the blade 


wake. Under these conditions, the inner-shroud loss region at 
the nozzle discharge is large, while the outer-shroud loss region 
may, in comparison, be quite small. 

In both cases, reduced loss accumulations along the outer 
shroud are obtained at the higher Mach number as shock- 
boundary -layer thickening on the blade surface provides an 
additional path for the radially inward flow of low-momentum 
fluid. The results, therefore, indicate that passage vortex 
formation may not exist for all blade configurations and flow 
conditions and may be governed, to a large extent, by blade 
boundary-layer thickness and separation. Comparisotb of 
well-designed constant-discharge-angle and free-vortex ty pe 
blades indicates that the secondary-flow loss differences for 
these blades are so small that the choice of the type of blading, 
based solely on secondary flows, is of negligible concern. 

INTRODUCTION 

Whenever turning of a fluid is aecoinplislied, as by a 
easeade, a balance is established between static-pressure 
gradients and centrifugal forces in that fluid. In an annular 
cascade, where tbree-diinensional turning is involved, both 
radial and circuinferential static-pressure gradients exist. 
These pressure gradients, developed in the mainstreani, are 
imposed upon the boundary layers of low -momentum fluid on 
the walls and on the blades of the cascade. Turning in the 
boundary layers ecjual to the free-stream turning would not 
be sufficient to maintain balance between the pressure gra- 
dients and tlie centrifugal forces. Thus, more than free- 
stream turning of the low-momentum boundary-layer fluids 
results. The deviations in flow of the boundary layer from 
the free-stream flow directions are called secondary flows. 
Secondary flows inevitably result from the turning of fluids 
having boundary layers; in annular cascades, a system of 
three-dimensional secondary flows must always be established. 

As gas velocities through turbines are increased to obtain 
increas(‘d power and increased mass flow per unit frontal 


> Supersedes N.YCA TX 2871, “Experimental Investigation of Loss in an Annular Cascade of 'Purbine-Xozzle Blades jf Free V’ortex Design. “ by Hubert W. Allen, Milton G. Kofskey, 
ond Richard K. Chamne.ss, 1953; TX 2909, “Study of Secondary- Flow Patterns in an .Annular Ciiscade of Tiu-bine Nozzle Blades with V^ortex Design. “ by Harold PL Rohlik. Hubert W. Allen, 
and Howard Z. Herzig, 195:1; and TX 29H9, “Comparison of Secondary Flows and Boundary-Layer Accumulations in Several Turbine Nozzles,” by Milton G. Kofskey. Hubert W. .Allen, and 
Howard Z Herzig, 1953. 
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ai*ea, the llinH'-diincnsioiia] secondary flows become increas- 
ingly significant, because these secondary flows give rise to 
j*elatively large regions of’ low-enei’gy fluids that cause 
main-flow blockages and deviations from design flow angles, 
with (‘onsecjuent reduced efliciency and iierformance. As 
transonic velocities are a])])roached, the secondary flows 
i-esulting from the radial gradients of i)ressure, velocity, and 
cinudation become too large to be ignored in the design of 
turbine blades. Various analytical methods have been 
developed (refs. 1 to 4) to evaluate and ju’edict the deviations 
in exit flow angles and velocities due to the secondary flows 
in flow channels. However, as a I'esult of the comiilicated 
three-dimensional patterns of the secondary flows, consid- 
erable doubt exists as to whether a ])hysically valid analytical 
description of secondary flows in tui-bine nozzle cascades can 
at present be obtained by use of such simiilifying assumiitions 
as two-dimensional flows, no viscosity in the turinng fluid, 
or nontwisting Bernoulli surfaces, which are cm*rently used 
for theoretical analyses. Accordingly, recent investigations 
at the XACA Lewis laboratory have concentrated on obtain- 
ing ex])erimentally an over-all ])icture of the actual secondary 
flows. In reference 5, flow-visualization techniques were 
emidoyed to trace the boundary-layer flow iiatterns, and 
tlie results were recorded ])hotogra])hically. By these 
means, the basic ])atterns of secondary flows and the gov(‘rn- 
ing flow ])arameters in turbomachines were established. 

in order to obtain a better understanding of the flow jiro- 
cesses within typical modern turbine nozzle blade rows, the 
series of investigations reported herein was made. Three 
blade configurations were investigated: blade A, a constant- 
discharge-angle blade with smooth surface velocity ])rofile 
designed by the stream-filament method; blade B, a constant- 
discharge-angle blade with a more blunt leading edge and a 
more in*egular s\n*tace velocity distribution with velocity 
])caks; and blade C\ a stream-filament-design blade having 
free-vort(‘x v(4ocity distribution and a smooth velocity 
])rofile. In addition, a series of blade modifications was 
a])plied to the blade C nozzle configuration in order to sepa- 
rate and evaluate the various secondary-flow components 
there. These modifuaitions (‘onsisted of i)ladc boundary- 
layer flow fences and notches cut into the blade trailing edges. 

Detailed data were taken, including surveys of total pres- 
sure and discharge angle in the free-stream, wake, and 
bound arv-layer regions immediately downstream of the 
nozzle-discharge sections. Flow-visualization techiiiciues 
were also em])loyed, including surface flow studies (by means 
of hvdrog(‘n sulfide and |)aint traces) and smoke flow studies 
as describ(‘d in reference 5. The location and direction of 
the secondaiw-flow components in the cascades are presented, 
ddie angle gradients associated with the secondary-flow sys- 
tems and their effect on rotor blade angles of attack are also 
discussed. The blade suction-surface velocity profile is 
consid(‘red, and the (h'gree to which it aflects the magnitude, 
concentration, and location of the high-loss regions is in- 
vestigated bv conqiaring the three nozzle blade con- 
figurations. 

These exi)(‘rimental investigations were made by use of 
the facilities of the NACkV Lewis laboratory in 195.4. 


SYMBOLS 

The following symbols are used in this report: 

4/// hub discharge Mach number 

I* local total pressure, in. llg 

I\ refei*(‘nce inlet total jiressure, in. llg 

j) local static i)ressur(', in. llg 

r radius nuaisured fi*om axis, ft 

r local v(4ocity, ft/sec 

Va local axial component of velocity, ft/sec 

ideal velocity as detei*mined by reference inlet total 
])ressure and local discharge static pressure, ft/sec 
Tfl local tangential conijionent of velocity, ft/sec 
X local measur(‘d value, variable used in mass-a v(M-a^ing 

exprc'ssion 

r circulation, s(| ft/s(‘c 

7 i-atio of specific luuits 

7] local blade efliciency, 

{\6 increnumt in circumfei’cntial distance' 

p static density, slugs/cu ft 

APPARATUS 

TEST UNIT 

A schematic view of the test unit used in this investigation 
is shown in figure 1. A filter was installed in a large depres- 
sion tank (not shown in the figure) upstream of the test 
section to i)revent damage and clogging of the delicate in- 
struments by dirt particles from the air supjily. The filtc'r 
consisted of two layers of 1/4-inch felt separated by filtei’ 
pajier sujqiorted by wire-mesh screening. A second depres- 
sion tank downstream of the first tank was local (‘d appi'oxi- 
mately 4 duct diameters (approximately b ft) upstream of 
the nozzle blades (fig. 1). A long-radius nozzle was installed 
in this de})i*ession tank to provide smooth entry into the duct 
leading to the nozzle blades in the test section. A fine mesh 
screen was also installed in the tank to give a uniform inlet 
velocity distribution. The air discharged from the nozzle 
blades into an annular duct having six straightening vanes 
located apiiroximately .3 ti[) diameters downstream of the 
nozzle blades. 

Filtered 

air 



TURBINE NOZZLE BLADES 

For sim|)licity, the three blade configm-ations investi- 
gated will be designated as follows: blade A, a const ant - 
discharg('-angle blad(‘ with smooth surface velocity jU'ofile 
designed by the stream-filament method ; blade B, a const ant - 
dischai’ge-angle blad(' with a more blunt heading edge and a 
more irri'gular surface velocity distribution, jiart icularly 
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Blade surface length 

(a) Hub section. (b) Mean section. (c) Tip section. 
Figure 2. — Design velocities for blade suction surface. 


near the blade tip; and blade C, a stream-filainent-design 
blade having free-vortex velocity distribution and a smooth 
velocity profile. The suction-surface velocity profiles at 
the hub, mean, and tip sections of the three blades are 
presented in figure 2. Mean-section blade shapes are shown 
in figure 2 (b). 

All nozzle l)lades used in the investigation were of sub- 
sonic design for an equivalent weight flow of apjiroximately 
15.3 pounds of air per second. Each s(d consists of 48 blades 


having a hub-tip radius I’atio of 0.730 and a tip diameter 
of 10.25 inches. Blades A and C were designed by the two- 
dimensional stream-filament method described in i-eference (>. 
As the stream-filament method applies only to the ])ortion 
of the blades forming the channel, the blades wei*e desigiu'd 
to do the greatest amount of the turning within the channel. 
The t railing-edge jiortions of the blades, having little curva- 
ture, were faired at the a])pj*oximate discharge angle. Blade 
profile and stacking cooi*dinates for the three blade sets ar(‘ 
given in tables 1 to 111. 

Constant-discharge-angle blades (blade A). — These blades 
were designed for a constant discharge angle of 56° from axial. 
Tlie blade chord varies from 1.642 inches at the ti]) to 1.173 
inches at the hub, while the trailing-edge thickness varies 
from 0.049 to 0.034 inch. The blades have a solidity of 
1.510 at the hub and 1.545 at the tip. 

Constant-discharge-angle blades (blade B). — These blades, 
from a production turbine, were desigiR'd for a constant dis- 
charge angle of apjiroximately 60° from axial and have a 
solidity of 1.489 at the hub and 1.497 at the ti|). The choi'd 
varies from 1.592 inches at the tip to 1.157 inches at the hub, 
and the trailing-edge thickiK'ss fi'oni 0.040 to 0.026 iii(4i. 

Vortex-type blades (blade C). These blades were designed 
for a fi*ee-vortex-tyi)e velocity distribution with a dischargi' 
angleof ajiiiroximately 65° from axial at tlu‘ hub. Tlu' blades 
have a solidity of 1.507 at the hub and 1.595 at the tip. Tlu‘ 
chord and trailing-edge thickness vary from 1.696 and 0.044 
inch, i*es])cctively, at the tij) to 1.172 and 0.034 inch at tlu' 
hub. 

Modified vortex-type blades (modified blade C).^ — The 
modifications shown in figure 3 were adopted in the alt(‘m])t 
to sejiarate and evaluate the vai’ious components of secondary 
flow. These are: 

(1) The full flow fence (fig. 3 (a)) at blade mean radius for 

interi’U])ting radial flows in the wak(‘ of the blade and 
on the suction surface near the trailing (‘dg(‘ 

(2) The modifi(‘d flow f(‘iice for interrupting radial flows 

in th(‘ wak(‘, but not in th(‘ thickiuK'd boundary lay(*r 
on th(‘ suction surface* of the blade* ne*ar the* trailing 
e*elge* (fig. 3 (b)) 

(3) A /i6-ine*h ne)te*h in the* blaele* trailing e*elge* (fig. 3 (e*)) 

(4) A %-ine*h ne)te*h in the* blaele* trailing e*elge (fig. 3 (el)) 

INSTRUMENTATION 

The cascaele was instrume*nte*d te> obtain surve*ys of total 
anel static pressures at the inle*t nie*asuring statiein 0.5 
inch upstream of the leading edge of the tip section of the* 
blades. Total pressures, wall static pressures, and flow 
angles were sm’veyed at the discharge measuring station 
0.159 inch downstream of the trailing edge of the nozzle 
blade tip. The instruments used to obtain the detailed 
surveys of the gas state at the inlet and discharge are shown 
in figure 4. 

Total-pressure probes. -Two types of total-pressure 
])robe were used to measure total ])ressure at the discharge 
measuring station. One type was designed specifically for 
measurements in the boundary layer; the other, for fn*e- 
stream measurements. The ])ressui’e-measuring head of tlu* 
boundary -layer probe (fig. 4 (a)) consisted of 0.01 5-inch- 
outside-diameter tubing. Th(* tij) was flattened to apjiroxi- 
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(h) Full (low tVnco. 
(c^ ^ic-Iucli notch. 


(I)) Reduced flow fence, 
(d) ?/s-Iuch notch. 


Figure 3. — Sketches of various modifications. 


mately 0.()03-iiich inside minor axis length (parallel to 
probe axis) to obtain eloser approximations of point values 
in the regions of high radial pressure gradients. The three- 
dimensional total-])ressure probe (fig. 4 (b)) was designed 
to measun' th(' total jiressure outsidt' the Itoundarv layer 
for radial flow angles within the limits of approximately ±9°. 
The i)rob(‘ eonsists of five 0.01 o-inch-outsidi'-diaim'tt'r 
tubes j)rojeeting 0.120 ineh from the prolx' axis. The tubes 
were set at angles of 3°, ()°, —3°, — ()°, and 0° from a plane 
normal to th(‘ axis of the j)robe and with the measuring ends 
of the tube's in this plane. A shieldt'd tottil-pressurt' jirolx' 
was us('d to iiK'asure the' reference total pressure at the inh't 
to tlu* blades. 

Static-pressure taps. Wall static taps of O.Oln-inch 
diameter wert' located at both the' inner and outer shi*oud 
in the inlet and discharge measuring planes. At the inlet 
measuring ])lane, one static tap each at the inner and outer 
shi'ouds was located at tlx' circumferential ])osition used for 
th(' inlet radial surveys. At the discharge measuring ])lan(', 
static |)ressures were measured by eight closely spaci'd 
static-pressiUT ta])s in either wall. 

Flow-angle measuring probes. A double-wirc' hot-wire- 
anemometer probe (fig. 4 (c)) was used to measure the dis- 
charge flow angles in the mainstream. The instrument 
consists of two jiarallel wires support I'd by two j)i*ongs aud 
mounted under tension on the axis of tlx' prolx' (paralh'l 
to a radius of the cascade). Thus, the wii*es can Ix' rotated 
without apj)i*('ciabl(' displacement. Kach of the wires has 
a diauK'tc'r of approximately ().()009 inch and a h'ligth of 


0.045 inch or less. The distance between wire centers is 
0.005 inch. 

For use in the inner-shroud boundary layer, a V-wire 
hot-wire anemometer (fig. 4 (d)) was constructed, having 
the two wires mounted in such a way that both were in the' 
same ])lane and jiaralh'l to the shroud surface (perpendicular 
to a radius of the cascade) whi'ii in use. The wires of this 
instrument were 0.001 1 inch in diameter and 0.050 inch long. 
They were mounted on three supports, the ti])s of which 
wer(‘ locati'd at tlu' corners of an ('(juilateral triangle. Thus, 
the two wires mounted near the support tips fornu'd a V 
with a ()0° angle at their intersi'ction. The use of such an 
instrument near the imx'r shroud was based on the assump- 
tion that no steep circumferential gradients of angle or mass 
flow would be ])resent. Details of design of wire supports 
and the genei’al construction of the hot-wire probes are 
discussed in I'eferenci' 7. The apj)lication of hot-wire- 
anemometer ])robes to the measurement of discharge flow 
angles for the flow conditions reported in this investigation 
is discussed in the appendix. 

A doubh'-tulx' |)ressui-e probe (fig. 4 (e)) also was used for 
angle nK'asurements in the boundary layer. In order to 
minimize effects of jiressure gradients and angle gradients 
on the measured angles, the tube dimensions were made 
small. Each tube was of 0.010-inch-outside-diameter 
stainh'ss st(*el. Tlu' lubes wi'H' sohh'ri'd logi'lln'r and 
mounted in such a way that the double open end had its 
axis lying in a circumfei-ential plane and could be rotated 
about a radial axis. In oi*d('r to increase tlx' si'iisitivity to 
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(a) Boundary- 
layer ])robe. 


(b) Three-dimensional 
total-])ressiirc 
probe. 



(c) C-27549 (di- 


ce) Parallel-wire (d) V'-wire anemoiiie- 

a nemo me ter ter probe, 

probe. 

l'i(;uj{j-: 4. — Survey instruments. 





C-30172 


(e) Double-tube anj^le 
probe. 


flow (lin'ctioii, (‘ac*h tube oiul was ground hack at an anjj:l(‘ 
of 30° from the soldered tip junction so that the tip was 
wedge-shaped with a 60° total angle. 

Repeatability. Discharge total pressures in the free 
stnuxrn, wakes, and boundary layers, and wall static pressures 
could be repeated within ±0.05 inch of mercury during any 
extended time interval. The reproducibility of ±0.05 inch 
was maintained by observing the data when the reference 
static pressure was steady at the desired set value. 

The flow-angle measurements made with any given probe 
could be repeated within ±0.5° with that probe. At the 
lower Mach number, the two boundary-layer angle probes 
gave data that resulted in contour lines of approximately 
the same shape. Maximums and minimums were in the 
same positions and had the same magnitudes to about ± 1.0°. 


V-wire data from the boundary layer could be fain*d into 
parallel-wire data from the main part of the annulus with 
adjustments of not more than about ±1.0°. 

Agreement between probes was not so close at the higher 
Mach number because of the higher gradients in angle and 
mass flow encountered. The effects of these gradients are 
different for each type of probe. The two boundary -layer 
probes showed angle gradients in the same direction over 
much of the region where they were used, but the magnitudes 
of the gradients did not agree. However, at this Mach 
number the pressure-probe angle data were in moderately 
good agreement with parallel-wire data in the region where 
the data overlapped. Tlierefore, pressure-prob(‘ angle data 
were used to make contours between points 0.005 and 0.080 
inch from the inner shroud, and parallel-wire data were used 
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bolwcH'ii the outer shroud and points 0.120 inch from the 
iniK'r shroud. Conloui’s were then fair('d in Ix'tween 0.080 
and 0.120 inch from the inner shroud. 

PROCEDURES 

Tli(' s(‘ries of invest ipit ions rej)orted lierein l)e^an chrono- 
logically with blade B, followed by the investigations of 
blade (\ modified blade and finally blade A. New and 
improved instrumentation and flow-study techniciues were 
developed during the course of the protracted investigation 
and were applied to all succeeding blade studies as rapidly as 
they were ])erf(‘cted. So it is that the studies of surface flow 
direction were first made on blade C. Likewise, the double- 
tub(' piH'Ssure probe for boundary -layer flow-angh' surv(\vs 
was not perfected until near the end of the investigation of 
l)lad(‘ (y and the blade C modifications and, therefore, was 
not used e.xtensively until the blade A investigation. 

r:XPERI MENTAL PROCEDURE 

In general, the flow measurements and flow-visualization 
studies of blades B and A were made similarly to those' of 
blade C. At the time of the investigation of blade B, which 
was conducted first, the technieiues re([uired for boundary- 
layer and surface flow studies had not yet been develoj)ed; 
therefore, these studies were not made for blade \^. 

Flow conditions. The' re'ference inlet total |)r(’ssure was 
held constant at aiipro.xiniately 2().r)0 indies of mercury 
absolute, and the inlet total temperature at 558° K for all 
surveys. Each of the three sets of blades was investigated 
at two hub discharge Mach numbers as follows: blade A, 
0.8() and 1.80; blade B, 1.18 and 1.41; blade C, 0.94 and 1.40. 
Smoke studies of flow direction were made on l)lades A and B 
at very low air velocities. 

Inlet surveys. Radial surveys of total pressure and static 
pressure were made at only one circumfei*ential location at 
the inlet, bc'cause prelimimuw surveys indicated little meas- 
urable circumferential valuation in either total or static 
pressure. One static tap each on the inner and outer shrouds 
furnished the static-pressure values foi‘ the end points. 
Preliminary angle surveys indicated litth' variation from tlu' 
axial direction over tlie blade passage, and tlu' inh't vi'locity 
distribution was therefore satisfactory for the invc'st igat ion. 

Discharge static pressure. Wall static-jiressure values for 
the nozzle discharge were obtaiiu'd from the static tajis 
located in the discharge measuring plane. For purjioses of 
velocity calculations, static pressure was assumed to vary 
linearly from inner to outer shroud. 

Discharge total-pressure surveys. At the discharge 
measuring station, circumferential surveys of total pressure 
were made covering an arc corresponding to one conijilete 
passage with some overlap. These surveys were sjiaced 
radially in such a way as to cover boundary layers and loss 
regions in detail and at the same time to survey other regions 
closely enough to verify the existence of uniform flow. 
Circumferc'iitial jioints were likewise sjiaced to give (h'taih'd 
information in loss regions and wakes. Determination of the 
radial position of tlie probe within ().()02 inch in the annulus 
b(‘liind the lilades was recpiired in order to locate accurately 1 


the wak('s, boundary layers, and loss regions with respect to 
the walls. For this reason, the inner shroud as a reference 
])osition was located by use of a low-voltage electric circuit 
that indicated by a light when contact was made between the 
iiK'asuring probe and tlu' inner shroud. 

Free-stream total pressures were measured with the live- 
tube total-jiressure |)i*obe. Each of the live tubes was 
rotated into the stream for a maximum reading, and tlu' 
greatest total-pressure reading obtained from the readings of 
the five tulies was taken as the total-pressure value for the 
survey ])oint. 

Discharge-angle surveys. — Surveys of discharge angle 
were made covering the same blade jiassage as was covered 
with the total-jiressure surveys. In the free-stream ])art of 
the annulus, where it was assiuiK'd that high angle gradients 
or mass-flow gradients, if any, would be laigely circumfei’en- 
tial (as in the blade wake) rather than radial, the ])arallel- 
wire anemometer was considered aiiplicable. In the shroud 
boundary layers, whei’e it was assumed that such gradients 
would be largely radial rather than circumferential, the V-wii*e 
anemometer is more suitable. Actually, the parallel-wire 
instrument jierformed well whc'revei* used, and measurements 
were made with it from the outer shroud to ])oints 0.1 inch 
from the iniu'r shi-oud. Near the outt'r shroud it servc'd to 
conlirm the existc'iice of a steej) radial angle gi*adient ; 
but since th(' area involved in this loss rc'gion was com- 
paratively small, it was given no further attention, although 
the accuracy might have been improved by use of the V-wire 
])robe. 

Near the inner shi'oud the parallel-wire probe could not be 
used, not only because of diminished accuracy but also 
because the distance between survey jioint (considered as the 
wire center) and surface was limited to about 0.085 inch. 
Therefore, data w('re taken with the V-wire anemometer in 
the region within 0.2 inch of the inner shroud. These data 
were satisfactory at the lower Mach numbers; but, at the 
higher Mach numbers, circumferential gradients of angle and 
mass flow were suflicient to reciuire the use in this region of the 
double-tube pressui’e pi‘ob(', the results from which would be 
less susceptible to the eflVcts of such gradients. 

The use of tlu' doubh'-t ube pressure prolx' foi' boundary- 
layer llow-angle sui’veys was devc'lojied near the end of tlu' 
investigation of blad(' (\ In the investigation of blade A, a 
com|)arison was made of tlu' free-stream angles measured by 
th(' double-wiiT hot-win'-anemometer probe and the double- 
tube jiressure ])robe. Differences in measured angles were 
found to be 1° or less over most of the passage. The greatest 
diffei’ence, a|)proximately 2°, occurred near the shrouds 
wher(' the rates of radial variation in discharge angle were 
large. Because of its small size, the double-tube pressure 
jirob:' is considered more reliable than the double-wire hot- 
wire-anemometer jirobe in regions whei'e the rate of radial 
variation in discharge angle is high. Because of this and 
because of its greater sinijilicity in ojieration, all angle data 
in the free stream and in the boundary layers (for blade A) 
were taken with the double-tube jiressure ])robe. No flow- 
angle measurements were made at jiositions less tlian 0.1 incli 
from the slirouds for blad(' B. 
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Blade C modification studies. — ^EflVcts of the various 
modifications on loss distrihut ion in the measuring j)lane foi- 
l)lade C were investigated at the same two huh dischai'ge 
Mach numbers as for the unmodified blade C, that is, 0.94 
and 1.4(). Circumferential surveys of total pressure were 
made at several radial positions in the measuring ])lane. 
These sui’veys, as well as points izi each survey path, were 
spaced to give a detailed ])icture of eacli loss region. This 
spacing varied from one modification to the next because of 
the differences in loss distribution. An example of the dis- 
tribution of survey points is shown in figure .5, where tlie 
locations of the total-pressure measurement ])oints are ])lotted 
for the full-flow-fence modification at the higher Mach 
number. 

Static-pressure values for points in the stream were calcu- 
lated h*om pi’essure im'asurcumuits made with wall static taps. 
It was assumed in this calculation that the static ])i-essure 
varied linearly from inner to outer wall along lines in the 
i*adial imaxsiiring |)lane which were api)roximately parall(4 lo 
the blade wak(‘s. 


Surface flow-direction studies. — Visual studies of the flow 
direction along the blade and wall surfaces for blades A and 
C were made in two ways (ref. 5). The first technique used 
the reaction between white lead carbonate painted on the 
surface and hydrogen sulfide gas admitted through an 
ajipropriately located wall static taj) and mixed with the 
boimdaiy-iayer air flowing through the cascade. The re- 
sulting darkening of the lead carbonate showed the direction 
of flow along the surface from the static tap. The hydrogen 
sulfide gas pressure was adjusted to exceed the static pressure 
at the tap by onl^^ enough (0.02 in. Jig, approximately) to 
cause it to flow into the passage without blowing it away 
from the surface and without upsetting local flow conditions. 
The second techniciue involved softening the lead carbonate 
with glycerin until it would flow slightly along the surface 
because of viscous effects between air and paint. A com- 
parison of results obtained by these two techniques showed 
good agreement; hence, patterns on the surface were con- 
sidered to indicate air-flow direction, and the results were 
r('CO]‘ded photographically. 

Smoke flow-direction studies. — Smoke studies of flow 
direction using the techni([ue of reference 5 wv're made with 
blade types A and B mounted in the annular cascade (fig. 1). 
The airspeed through the cascade was held to a maximum of 
about 20 feet per second in order to avoid diffusion of the 
smoke and keep the smoke sufficiently concentrated for 
photographing. The smoke was introduced into the air 
stream just upstream of the blades at two radial positions for 
(‘acli blade, namely, adjacent to the outer shroud and near 
midsection. Photographs were made of the resulting flow 
patterns at the blade discharge. 

CALCULATION PROCEDURE 

Loss calculations. — Results of total- and static-pressure- 
tap data are presented as contours of kinetic-energy loss, 
which is defined as follows: 


7-1 7-1 



The error involved in the losses calculated from pressure 
measurements made at the lower hub discharge Mach num- 
bers is believed to be negligible. At the higher hub discharge 
Mach numbers, however, the total pressures indicated by the 
jirobes are low because of the shock losses associated with the 
probes. These shock losses varied with position in the 
measuring plane because of the variation in Mach number 
and the proximity to the loss regions. Near the hub bound- 
ary layer, for example, interaction of the shock wave induced 
by the probe and the shroud boundary layer produced a 
thickened boundary layer that influenced flow just upstream 
of the ])robe by causing a series of very weak oblique shocks. 
This boundary-layer thickening upstream of the incident 
shock wave is discussed in reference 8, which includes 
schlieren photographs at several shock strengths and Reyn- 
olds numbers. Ih'cause the air had thus decelerated 
t hrough a series of weak oblique shocks rather than one nor- 
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inal shock iiiistrcain of the j)rol)c, the iiulicalc'd total jircssiirc' 
was higher than that considered ])ossii)le for the Maeh niiin- 
i)cr level and a normal shock. Therefore, accurate correction 
for the error induced by the jireseiice of the ])rohes at each 
measuring point in the stream is extremely (liflicult. 

Th(‘ static {iressures in the stream when the probes w(‘i‘(‘ 
withdrawn indicated that the maximum normal-shock-loss 
correction necessary anywhere in the measuring jilane was 
slightly greater than 5 ])ercent. The 5-percent loss contours 
define clearly the loss regions existent with each modification 
at the higher Mach numbei- and separate the viscous-loss 
ar(‘as from those where this variable probe loss is the only 
loss. In evaluating the effects of the modifications, then, 
only the areas within the 5-j)ercent loss contours w(m*c con- 
sid(‘red; tTis was done simply by assuming that all losses of 
5 })ercent or less were ecpial to zero. 

Mass-averaging. Discharge angles, velocities, and loss 
were mass-av(‘raged by the following expression: 


jj-pVade 



The use of weighted averages where ])ossible, in ))reference to 
ordinary arithmetic averages, is discussed in reference 9. 

Circulation. — Circulation was determined by the following 
eciuation: 

T=Ver 

This e(iuation was ada|)ted for use in this investigation fi‘om 
a similar e(juation developed in reference 10 (pp. ()2ff). 

RESULTS 

INLET SURVEYS 

Inlet surveys of total and static pressure and flow angle 
were jiractically identical for all three blade configurations. 
The results of the inlet radial survey of total pressure are 
plotted in figure 0. Constant total pi*essure was obtained 
over most of the flow |)assage, the losses in total j)ressure 
occurring in the wall boundary layers at the blade inner and 
outer shrouds. As noted earlier, preliminary angle surveys 
indicated little variation from the axial direction over the 
blade passage. The combination of constant total pressure. 




static ])ressure, and flow angle ])roduced an inlet velocity 
distribution that was considered satisfactory. The radial 
(list ril)ut ion of inlet loss parameter is shown in figure 7. 

DISCHARGE LOSS DISTRIBUTIONS 

Results presented include kinetic-energy loss distribution 
(figs. 8 to 10) and discharge-angle distribution (fig. 1 1 ) for the 
flow investigations of all the l)lade configurations. Also pre- 
S(‘iited are conijiarisons of circ ulation distribution and results 
of hydrogen sulfide and jiaint trace's and of smoke flow 
studies. The most extensive' te'sts were made on blaele C 
and blade C modifications. The other configurations, for 
the ])urpose'S of this report, were inve'stigated mainly to 
enable comparisons with i)lade C. Accordingly, the re'sults 
ol)tained for blade C are pre'sented first and in greate'st detail. 
The j)re'se'ntation of the re'sults obtained with the otlu'r 
configurations is only as complete as is (lee'med necessary to 
peiint up the difference's and similaritie'S in the' behavior of 
the various configurations. 

Discharge loss for blade C. At the' discharge measuring 
station of blaele (\ the Mach numbers were 0.94 and 1.40 
adjacent to the inner-shroud boundary layer and 0.75 and 
1.00 adjacent to the outer-shroud boundary layer. Re'sults 
of the total-i)re'ssure surve'ys and static-pre'ssure-tap elata are 
j)re'se'nted in figure's 8 (e) and (f) as contours of energy loss. 
It is to be note'el that circumferential coorelinate values are 
plotted differently in the two figure's in ordei* to show a 
complete blade' wake as a unit. Figure 8 (f) is a composite of 
measurements made in eliffereait parts of twe> adjacent wake's. 

Ne'gligible losses we're obtained over nu)st of the flow 
passage. The major losses were observed in the shrouel 
boundary layers, in the blade wake, anel particularly along 
the junctions of the shroud boundary layers anel the blaele 
wake. The losses in the blade wake were small comjiare'd 


Figure 6 . — Inlet pressure distribution. 
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(a) Blade A; lower Mach miniber (O.Sh). 

Fif^iire 8. — C< 



(b) Blade A; higher Mach number (1.30). 
ours of loss acro.ss one blade pa.'^sage. 
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Loss, 

percent 

1 0-5 

2 5-10 

3 10-15 

4 15-20 

5 20-25 

6 15-100 


with those measured in the other loss regions and sliroud 
l)0undary layers. Maximum losses occurring were 1().2 and 
14.3 percent at the inner and outer shroud, respectively, for 
the lower Mach number run, and 25.2 and 5.3 j)ercent, 
respectively, for the higher Mach number run. The results 
show a decrease in loss at the outer shroud with increased 
Mach number and an increase in loss at the inner shroud 
with increased Mach number. The changes in the loss 
picture with Mach number at any radial position are shown 
in figure 10 (a), for which a loss ])arameter was mass-averaged 
circumferentially across a blade passage and plotted against 
radius. 

The data taken in this investigation were used to obtain 
blade efhciencies. Mass-averag(‘d blade efficiencies were 
0.99 and 0.98. Although the mass-averaged blade efficien- 
cies are high, they are not a good index of blade j)erfoi‘inance. 
Accumulation of the losses at the junction of the i)lade and 
inner shroud, where the velocity gradients are great, could 
make the flow unstable and induce additional viscous losses 
and angle gradients. 

Discharge loss for blade C modifications. -The results of 


the total-pressure surveys and static-pressure-tap data for 
blade C modifications are presented in figure 9. Only tlu‘ 
full flow fence was used for the lower Mach number (hub 
discharge Mach number, 0.94; fig. 9 (a)), because' it was 
found that the blade C modifications were inelfective at this 
(low condition. All four modifications were tested at the 
higher flow Mach number, and the results are presented as 
contours of energy loss in figures 9 (b) to (e). The changes 
in the loss picture with the flow-fence modifications are shown 
in figures 10 (b) and (c), in which the loss ])arameter was 
mass-averaged circumferentially across a blade passage and 
|)lotted against radius. 

Discharge loss for blade A. -Ncgligilile losses w(‘rc 
observed for blade A over most of the flow passage (figs. 
8 (a) and (b)). The major losses were found in the shroud 
boundary layers, the blade wakes, and particularly in the 
vicinity of the corners formed by blade suction surfaces and 
shrouds. The measured blade-wake loss values were small 
com])ared with those in the shroud boundary layers and the 
other loss regions. For the loss regions outside the shroud 
boundary layers (i.e., more than api)roximately 0.040 in. 
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(c) Blade B; lower Mach nuinber (1.18). 
(e) Blade C; lower Mach number (0.94). 


(d) Blade B; higher Mach number (1.41). 
(f) Blade C; higher Mach number (1.46). 


Ficjuue 8. — Concluded. Contours of loss across one blade passage. 
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(a) Lower Mach number (0.94); full flow fence, (h) Higher Mach number i,l.4(5); full flow fence, (c) Higher Mach number (1.46); reduced 
(d) Higher Mach number (1.40); ^o-ineh notch. (e) Higher Mach number (1.40); ^-inch notch. flow fence. 


Figuue 9. — Contours of loss across one blade C passage with blade modifications. 
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Radial distance from inner shroud, in. 


(a) Blade C. 

(b) Blade ('. Maeli nmr.ber, 0.9-1; full-flow-feiiee inodifieation. (e) Blade ('. Maeh number, 1.10; both flow-fence modifications. 

Fiouke 10. -Radial distribution of loss at nozzle discharge. 


tVoin the shrouds), loss areas and magnitudes were sueh as to 
indicate a reduction in loss near tlie outer shroud with in- 
creasing Mach nuinher and an increase in loss near the inner 
shroud with increasing Mach nuinher. This result is also 
shown in the curves of loss plotted against radial position 
(fig. 10 (d)), where the value at each radial position is ob- 
tained by mass-averaging the loss across one ])assage width 
at that radius. 

Comparison of discharge losses (blades A and C). — No 
significant difft'ctuice in magnitude is notcal between losses lor 
blades A and V (figs. 8 (a), (b), (e), and (f)). For each blade 
tlu' size of the loss ngion and the over-all magnitude of the 


losses decreased at tlu' outer shroud with increasing Mach 
number while increasing at the inner shroud. In both cases, 
the extents of the measured wakes decreased with increasing 
Mach number (for blade A at the higher Mach number, tlie 
wake loss (Iroi)ped below the 5-i)ercent contour to a minimum 
of 8.0 pi'rcent), but the losses distributed throughout the 
passage (regions marked 1 on tlu' contour plots) increased 
with increasing Maeh number. This is also ap])arent in the 
mass-average plots (figs. 10 (e) and (f)), where the values are 
affected not only by losses in the boundary layers, loss 
ngions, and wakes but also by losses distribut(‘d throughout 
tlu' passage. 
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Comparison of discharge losses (blades A, B, and C). - 
Figures 8 (c) and (d) show loss conlours for blade B. Com- 
parison with the contours for blades A and C (figs. 8 (a), (h), 
(e), and (f)) shows significant differences. At both Mach 
numbers, the wake loss is small for blade B, being less than 
5 percent along almost the entire wake length for the lower 
Mach number. The outer-shroud loss region lor blade B at 
the lower Mach number is greater in magnitude and e.xtent 
than that for the other two blades and differs in shape. 
Although it diminishes with increasing Mach number as for 
the other blades, it is still apiireciable at the higher Mach 
number. The inner-shroud loss region outside the shroud 
boundary layer increases with increasing Mach number for 
blade B as for the other two blades, but for blade B it becomes 
much larger, maximum loss at the higher Mach number being 
()7 ])ercent compared with 21 percent for blade A and 25 
percent for blade C. 

Some of the results indicated by the contour ])lots also 
a|)pear on the mass-averaged loss jilots (fig. 10). The 
decrease of the loss at the outer shroud and increase at the 
inner shroud with increasing Mach number are apparent on 
the mass-average plots. Also, the difference in flow behavior 
between blade B and the other two blades shows up as 
differences between losses in the wakes and near the inner 
and outer shrouds. 

DISCHARGE- ANGLK DISTRIBUTIONS 

Discharge angles for blade C. -The results of the discharge- 
angle surveys are shown as contours in figure 11. Angle 
gradients for the lower Mach number (fig. 1 1 (e)) were com- 


paratively small; however, the angle gradients increased with 
increasing Mach number. The variation in discharge angle 
across the passage at a radial distance of 0.2 inch from the 
inner shroud increased from 3.5° for the lower Mach number 
to 13.0° for the higher Mach number. At the higher Mach 
number (fig. 11 (f)) the groatost variation in discharge angle 
occuri-ed in the corner of the passage bounded by the pressure 
side of the wake and the inner shroud. 

In order to determine the effect of the angle variation, 
calculations of rotor blade angles of attack were made for the 
higher Mach number where the circumferential angle varia- 
tions were the greatest. P\)r these calculations, a tip speed 
of 040 feet per second was assumed. Discharge-flow-angle 
variations of 13.0°, 5.4°, and 4.0° at radial distances from the 
inner shroud of 0.2, 1.0, and 2.0 inches, respectively, led to 
local variations in the rotor blade angle of attack of It). 9°, 
0.0°, and 11.3°. An effect of this variation, as discussed in 
reference 11, was a loss (calculated at a radial position 0.2 
in. from the inner shroud) of 1.5 percent of the energy based 
on tangential component of velocity. Further losses of 
significant magnitude may also exist because of the effect on 
the rotor of the pulsating flow caused by variations in nozzle 
discharge angle. 

In figure 12 (a) the circumferential average of discharge 
How angle is plotted against radius for each of the two Mach 
numbers. The measured angles show that in the central 
jiart of the passage the turning had approximately design 
value, but that as either wall was approached there appeared 
a decrease in dischaige angle relative to design value. Near 



Figure 10. — Continued. Radial distril)uton of loss at nozzle discliarge. 
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FuJuitE 10. — Concluded. Radial distribution of loss at nozzle discharge. 
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(a) Blade A; lower Mach number (0.86). 

Design discharge angle, 56° 

(c) Blade B; lower Mach number (1.18). 
Design discharge angle, 59.75°. 


(b) Blade A; higher Mach number (1.36). 

Design discharge angle, 56°. 

(d) Blade B; higher Mach number (1.41). 
Design discharge angle, 59.75° 


295608 — 54 - 


Figure 11. — Contours of discharge flow angle across one blade passage. 
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the huh this decrease was more pronounced for the higlier 
than tor the lower Mach number. The reverse was true for 
the decrease near the outer shroud. This difference is 
attributed to a combination of Prandtl-Meyer expansion and 
incr(‘as(‘d accumulation of low-momentum fluid near the 
inner shroud at the higher Mach number, which effectively 
blocked the flow and induced high axial velocities in the 
immediate vicinity. This is discussed more fully in refer- 
ence 12. Also, at points nearer the walls the discharge angle 
incn'ased, showing overturning in the boundary layers at the 
measuring station. 

Discharge angles for blade A. The results of the dis- 
charge-angle surveys for blade A are shown as contours in 
figure's 11 (a) and (b). Angle gradients for the lower Mach 
number were negligible over most of the passage. However, 
they were greater for the higher Mach number. The varia- 
tion in discharge angle across the passage at a radial distance 
of 0.1 iiu‘h from the inner shroud increased from 4.1° for the 
lower Mach number to 8.9° for the higher Mach number. 
In each case the greatest variation in discharge angle outside 
the boundary layers occurred in the large loss regions typi- 
cally found near the inner shroud in all nozzle configurations. 

Radial plots of the circumferentially mass-averaged dis- 
charge angles (figs. 12 (b) and (c)) for blade A show the same 
relations for measured discharge angle to design values as 
were obtained for blade C. 

Comparison of discharge-angle distributions in blades 
A, B, and C. Contour plots of discharge angles (fig. 11) 


and radial plots of mass-averaged discharge angles (figs. 12 (b) 
and (c)) show good agreement at the lower Mach numbers 
over most of the passage lietween design and measured angles 
for blades A and C and fair agreement for blade B. At 
these lower Mach numbers, th(‘ only severe angle gradients 
were in the boundary layers. At the higher Mach numbers, 
the contour plots show the effects of considerable disturbance 
in the direction of discharge flow distributed through the 
passage for all three blades, although blades A and C show 
mass-averaged values that are still near design values over 
most of the passage. Blade at the higher Mach number 
shows severe angle gradients in the inner-shroud loss region, 
with underturning amounting to as much as 22° and over- 
turning of about 8°. At a radial distance of 0.1 inch from 
the inner shroud, the circumferential variations in measured 
discharge angles were 4.1°, 2.4°, and 2.6° for blades A, B, 
and C, respectively, at the lower Mach numbers. At the 
higher Mach numbers the corresponding variations were 
8.9°, 25.0°, and 9.5°, respectively. 

For blades A and C, as either shroud was approached 
(figs. 12 (b) and (c)), there appeared decreases in mass- 
averaged discharge angle relative to design value. Near 
inner shrouds, a decrease also appeared for blade IF The 
decreases near the inner shroud were more pronounced at 
the higher Mach number, whereas near the outer shroud 
the decreases were smaller for the high(‘r Mach number. 
Also, in the shroud boundary layers themselves, the discharge 
angh' increased, showing overturning in the boundary layers 
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FitiUKE 1 1 .— Concluded. Contours of discharge How angle acro.ss one blade passage. 
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(bj Comparison of i)lades A, H, and C at lower Mach numbers, 
(c) Comi)arison of blades A, B, and C at higher Mach numbers. 

Figuue 12. — Radial distribution of mass-averaged discharge angle. 


Mass-averaged circulation, sq ft/sec 
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(a) Lower Mach numbers. 

(b) Higher Mach numbers. 

Figuhe 13. — Comparison of radial distributions of circulation. 
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C'IRCIILATION DISTRIHirnONS 

Adjust (‘(1 (l(‘si<>:ii and imavsiiivd s|)amviso variations in mass- 
av(‘ra^('d circulation arc shown in li^urc V.] for the three 
sc'ts of blades at the two Mach nuinh('rs. As design and 
ni('asiu-ed Mach nuinbei's are a])j)roxiniately the same at 
the lowc'r Mach nuinlxM- run for blade C, design and actual 
sjianwise (‘irculation can 1 h‘ compari'd directly. For the 
otluM* cases, (h'sign and actual Mach nundx'rs ai’c dilferent, 
and the (h'sign circulation in (aich cas<‘ was th(‘refore adjusted 
in inagnitiuh' to i)rovid(' agrixunent with the nu'asuri'd values 
wliih' maintaining the corr(X‘t ratio between outer-shroud 
and iniK'i-shroud circulation for that d('sign. This was done 
to (‘inphasize any variations in expc'rimentally determined 
s|)anwis(‘ circulation l•('sulting from S('condary-flow (dfects. 

Th(' variations of mass-a veraged circulation obtaiiuxl from 
nK'asuriuiK'iits ai*e sixai to bc' in good agreenu'iit with the 
adjust ('d (hvsign variatioiis llirougli tin' givnior fmrt of tin* 
passage. Howevc'r, in the boundary layi'rs of blades A and 
r wh('re th(‘. dischargc'-angle nK'asiiri'nu'nts are available 
and indicate' consieh'ralih' ove'rt urning, the ('xperinu'iital 
circulation inci-('ased as the' shroud was approaclied. This 
continiK'd to tlu' |)oint wlx're the ve'locity in the' boundary 
laye'r Ix'canu' small ('iiough to overbalance' the' e'tlect of 
elischarge'-angle incre'ase. At this j)oint the' circulation Ix'gan 
te) eh'e-re'ase ra|)ielly. In loss re'gions, also, e'xperime'iital 
values e)f e-irculation we're allecteel by the' low ve'locities anel 
the' high elisediarge'-angle graelie'iits. An e'xtre'ine example of 
this e'lfect ap|)e‘ars in ligure 13 (b) fe>r blaeh' B, whe're the 
e'xj)e'rime'ntally e)btaine‘el mass-a ve'rageel circulatie)ii ele'crease's 
appre)xiniate'ly 20 ix're'ent fre)in its mielspan value as the 
inne'r shi-e)uel is aj)|)re)aclie'el. 

Figure' 13 alse) shows that the' ele'sign spanwise elist ribution 
e)f e*ire*ulatie)ii is ne)t gre'atly elilfe'i'e'iit fe)i* the' two tyj)e'S e)f 
l)laeh' eh'sign, ve)i1e'x anel ce)nstant elischarge angle'. 

SCKFACK FLOW TRACES 

Blade C surface flow visualization, \dsual j)atte'rns e>f 
shi*e)uel e-re)ss-channe'l l)e)unelarv-laye'r fle)ws fe)i* blaeh' C (re'f. 
r>), e)btaine'el by the' use' of hyelre)gen suHieh' trace's on white' 
h'ael j)aint, ai’e* pre'se'iit e'el in figure' 14. A view e)f the' cascaeh' 
inne'r shre)uel at the' blaele‘-re)w inh't is she)wn in figure 14 (a). 
The' elark hyeli-e)ge'n sulfieh' trae*es inelicate' that the gas was 
aelmitte'el thre)ugh a wall statie* tap in e'ac'h of twe) aeljacent 
passage's. At the' e)ute'r slire)uel, the' hyelre)ge'ii sulfieh' was 
aelmitte'el thi'e)ugh a single' inh't static tap lU'ar the' j)re'ssure' 
surface' e>f a blaeh'. The' eh)wnstream vie'ws (figs. 14 (})) 
anel (e*)) she)w that the' be)iuHlary-la.ye'r flow crosseel the chan- 
ne'l e‘e)niph'te'ly anel fle)we‘el e)iite) the ])laele suction surface' 
at be)th the' inne'r anel e)ute'r shre)uels. The ci*e)ss-channe'l 
eh'fh'ctie)!! |)atte'rn was the' same' at be)th flow Mach numbers. 

The' results e)f the' use' e>f a fre'e'-fle)wing paint te) trace the 
raelial ce)inpe)ne'nts of flow at the highe'r Mach numbe'r 
are' she)wn in figure's 1.") anel Kb Figuiv 15 slx)ws he>w a line 
e)f fh)w elise‘e)ntinuity (e>r she)ck) ale)iig the' e)uter sln-oiiel from 
the' trailing e'elge' e)f the' pre'ssure' surface cre)ss('s the' channel 
anel e'e)ntinue's raelially inwaiel ale)iig the' suction surface of 
the' blaeh'. The' int e'rse'e't ie)u e)f this slu)e*k anel the' be)imelarv 
laye'i* e)ii the' blaeh' sue'tie)ii sin-face' i*esults in a thicke'iied 
bounelary laye'i- the're' anel a sizable' re'gie)n e'xte'neling fre)in 


(c) C-29960 

(ii) I nnc'r .sliroud at inlet. (h) Inner shroud at diseUarge. 

(e‘) Outer shroud at discharge. 

Fiouue 14. — Hydrogen sulfide flow traces through blade channel. 
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C-31123 


FiuuiiE 15. — ^Flow (liscontiimil y at noz/.lo discharge'. 
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C-30626 


H).— Paint traci's on suction surfaces of l)lades. llul) Mach 
number. 1.40. 


lij) lo hill) in whicli liu* thmu^li-flow vt'locit it's art' small 
(litr. 17 (1))), similar lo iho sil nation iH'hind tli(‘ l)lad(‘ trailing 
edgi'. This snet ion-surfact' rt'gion of ihickt'iu'd boundary 
bivt'r and th(‘ ri'gion htdiind th(‘ bhuh' trailing ('dgt' providt' 
(low paths through which botmdary-layt'r mattuial could 
How radially inward bt'caiist' of tlu‘ radial pi’t'ssurt' gradit'iits 
in an annular-nozzli' cascadt'. Figure' lb shows paint-l rtic(' 
pattt'rns made' by the' radial botindarv-layeM* flow compoiK'iits 
in llu' suction-surface rt'gion. Narrow bands wt'rt' |)aint('d 
on the siKdion stirbict's of tlu' blade's at thre'e' raelial lex'a- 
tions iH'ar the' e)ute'r wall, at miels|)an, anel ne'ai- tlu' inne'r 
wall. The' 1 ‘aelial lle)w e)f |)ainl fretm the' etute'r te> the' inne'r 
wall i)re)vieh'el inelications of the' i*aelial lle)w from the' oute'r- 
te) the' inne'r-wall i-e'gie)iis. 

Blade A surface flow visualization. Figure's bS anel 10 
|)re'si'nt hyelre)ge'n sulheh' anel |)aint li’ace's that she)w tlu' same' 
seconelary-llow j)he'ne)me'na fe)i- bhieh' A as re'pe)rle'el e'arlit'r 
fe)r blaeh' V. Figin*e' 18 (a) shows an upstream view of 
hyelrogen suKieh' trace's on the' inne'r shrouel inelicating the* 
cre)ss-channe'l path of llu' gas fretm its origin in static taps 
near tlie h'aeling e'elge's of the blaeh'S. Similar traces were 
fetrmeel on the' otile'r shrouel by hyelreigen suHiele gas emitteel 
from e)Ule'r-shre)tiel static taj)s. Figure 18 (b) shows the 
same' trae-e's, vie'we'el fre)in ele)wnst re'am, as the' le)w-me)iue'nt um 
air ace'umidale'el e)ii the' suctie)n surfae'e's lu'ar the' trailing 
e'elge's e)f the' blaeh's. 
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Figure 18 (c) for the lower Mach iiuml)er and figure 19 
for the higher Mach numl)er present results that indicate', 
for blade A, radial flows of the types discussed for blade C. 
In figure 18 (c), blade 1 is painted at the tij) on the pressure 
surface, blades 2 and 8 at inidspan on the suction and 
jiressure surfaces, respectively, and blades 4 and 5 at the' 
root on suction and pressure sui-faces, respectively. For 
each blade, the paint flowed around to the trailing cdg(' 
and inward along this edge to the hub, indicating the proi)- 
able existence of radial flow at the trailing edge foi* th(' lower 
Mach number. Figure 19 shows paint traces for the higher 
Mach number indicating radial flow inward along the trailing 
edge and also along the suction surface of the blade through 
the l)oundary layer where it was thickened by encountering 
a shock across the ])assage from the trailing edge of the 
adjacent blad:'. Blades 1 and 2 in figure 19 had their 
entire suction surfaces painted, and these blades show not 
only the flow path inward along the suction surfaces l)ul 
also hydrogen sulfide traces where the low-momentum aii* 
flowed out or accumulated on the suction surfaces near the 
trailing edges. Blades 3 and 4 were painted near the outei- 
shroud on their suction and jiressure surfaces, resj)ectively. 
Blade 3 shows the suction-surface flow j)ath, and blade 4 
shows flow down the trailing edge and around to the suction 
surface near the root. Blades 5 and 0 were painted at 
midspan on their suction and pressiu*(' surfaces, rc'spect i vely. 




(a) Thin boundary layer. 

(1)) Thickened boundary layer. 

ITni’RE 17. — CV)in})arison of velocity j)rofiles for thin and thickened 
boundary layers. 


and present i)aint traces showing probable radial flow 
behind the trailing edge and in the thickened jiortion of tln^ 
suction-surface boundary layer. 




Accumulation 


'Outer shroud 


Trailing 

edge- 


Air-flow 

directidn 


Accumulation 


(a) Upstream view of hydro^i;cn sulfide traces. 

(b) Hydrogen sulfide and ])aint traces at discharge. 


FKjruio 18. Hydrogen sulfide and paint traces at lower Mach number 

(blade A). 


SMOKE FLOW-DIRECTION STUDIES 


The sole purpose of the smoke flow-direction studies was 
to indicate any basic differences that may exist in boundary- 
layer and secondary-flow behavior between the two blade 
configurations A and B. When smoke was introduced into 
the flow passage in such a manner that it would enter the 
outer-shroud boundary layer and follow the motion of the 
low-momentum air through the passage, it was found that 
the flow paths were different for the two constant-discharge- 
anglc blades A and B. Presumably, such differences were 
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(c) Tniiling-cd^ro paint traces. 

I’KjritE IS. Concluded. Hydrogen sulfide and paint traces at lower Mach number (blade A). 



Air- flow 
direction 


Suction surface 


Accumulation 


Fk;uhe 19. Hydrogen sulfide and j)aint traces at higher Mach number (blade A). 
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(c) C-32610 (d) C-326II 

(a) Blade H. Smoke entering near outer slirond. (b) F.lade B. Smoke entering near mid8i)an. 

(e) Blade A. Smoke entering near outer shroud. (d) Blade A. Smoke entering near midspan. 

Figuke 20 - Smoke traces. 


- Outer shroud 


Outex.^Shrpud 


I Trailing 

I edge - 


duo to tlio sanio Idado cliaractoristics that ])rodii(*od difroroiit 
siirfaoo-volocitv ])rofilos for the blades. F"or blade H (h^s. 
20 (a) and (1))), the smoke flowed against the suction sur- 
fa(‘o at the outer shroud and divided as it approached the 
blade trailing: edg:e, most of it rapidly sweeping; on down- 
stream near the shroud and the remainder turning; sharply 
to follow the trailing edge. When the introduction of smoke 
was suddenly interrupted, that which had followed the 
trailing edge clung to the blade surface, eddied mildly, 
slowly merged with the through-flow air, and gradually 
disappeared. The slowness of this motion indicated that, 
although the picture shows a large accumulation of smoke, 
th(' fraction of outer-shroud low-momentum fluid taking 
this radial flow path was small. 

I"or blade A (fig. 20 (c)), the behavior was different, in 
that no such eddying in a large stagnant region was found, 
instead, while the smoke showed a rapid iTidial ilow com- 


ponent, it also had a ra])id through-flow comjionent on the 
suction surface, so that it was largtdy swept out into the 
wake at points somewhat remov(‘d from the outer shroud. 
Likewise, the smoke showed this difference between the 
flow behavior of the two bhnh's when it was introduced 
about midway between the shrouds (figs. 20 (b) and (d)). 

DISCUSSION 

Whenever turning of a fluid is acconijilished, as by a 
cascade, a balance is established between static-pressure 
gradients and centrifugal foiues in that fluid. In an annular 
cascade where three-dimensional turning is involved, there 
are both radial and circumferential static-])ressure gradients. 
These pressure gradients, d(‘veloj)ed in the mainstream, 
are imposed upon the boundary layers of low-momentum 
fluid on the walls and on the blades of the cascade. One 
result, for example, is that turning in tlu‘ shroud boundary 
layers (cf. ref. 5) equal to the free-stream turning is not 
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suffi(*i(Mil to inaiiilain tlu' halanco bolwcoii (lie ])i*essiire 
gradients and (lie centrifugal forces. Tims, more llian 
free-stream turning of the low-momentum shroud houndary- 
laver fluids results. The deviations in flow direction of 
houndarv-layer fluids from the free-stream flow directions 
are the so-called secondary flows. Secondary flows in- 
evitably result from the turning of fluids having boundary 
layers; in annular cascades, a system of three-dimensional 
secondary flows must always be established. 

SECONDARY-FLOW PATTERNS IN BLADE C NOZZLE CONFIO UR ATION 

Cross-channel secondary flows. -The result of overturn- 
ing and cross-channel deflection of the shroud boundary 
layers is a thinning of the shroud boundary layers at the 
pressure surface and a thickening at the suction surface, 
wlu're a tendency toward the formation of regions of low- 
momentum fluid occurs and where the tendency for flow 
separation is greatest. The loss contours shown in figures 
8 (e) and (f) indicate the boundary layers to be thinnest 
on the ])ressure side of the wake and thicker toward the 
suction surface along both shrouds. A visual picture of 
the cross-channel secondary How and the accumulation of 
low-momentum air in the corner between shroud and suc- 
tion surface is shown in figure 14. The dai’k hydrogen 
sulfide trace a|)pearing between the blades in the view from 
the inlet side (fig. 14 (a)) indicates the source of the gas 
to be a static tap near the pressure surface at the leading 
edge. This view is at the inner shroud; a source at the 
outer shroud was in a similar position. Figure 14 (b) shows 
the hydrogen sulfide ti*ace from downstream as it rolls uj) 
with the low-momentum air on the suction surface of the 
blade at the inner shroud, having traversed the passage in 
the boundary layer from its source near the iiressure surface 
of the adjacent blade. Similar results were found at the 
outer shroud, as shown by figure 14 (c) in a downstream 
view of the trailing edge of the blades at the intersection of 
their tips with the shroud. 

The mechanism of the cross-channel secondary flow in 
nozzle-shroud houndary layei*s and the significant flow param- 
etei-s involved are discussed in reference o. It must be 
noted carefully that these surface flow-trace tests cannot by 
themselves jirove whether ‘^jiassage vortex^^ formation — the 
roll-u|) of the shroud houndary layer into a discrete flow 
vortex at the suction side of the i)assage — has taken place or 
not. 

Radial flows at lower Mach number. -Just as the cross- 
channel jiressure difference induces a deflection of the flow 
toward the low-pressure side of the j)assage, so the pressure 
difference existing between outer and inner shiouds can be 
expected to induce radial flow through blade boundary 
layers and wakes. An examination of the loss cores in the 
measuring |)lane at both flow conditions (figs. 8 (e) and (f)) 
discloses that the loss region measured at the outer wall is 
smaller than that at the inner wall. J^ecause the ‘Svetted 
area’’ of the outer wall is the larger, the relative magnitudes 
of the inner and outer loss regions indicate the ])resence of 
radial flows in the blade boundary layers and wake i-egions. 

In general, the boundary layei*s in the turbine nozzle 
cascade are thin; a typical velocity jiroflle is shown in figure 
17 (a). The high thi*ough-flow velocities existing in all but 


veiy small regions in such thin boundary layers tend to 
prevent any sizable transport of material from the tip to the 
hub. In order for (piantities of low-momentum fluid to 
flow the entire distance from the outer wall to the inner 
wall, there must exist some sizable regions, extending from 
tip to hub in a jiassage, in which the through-flow velocities 
are small (fig. 17 (b)). This situation occurs in the wake 
of th(‘ blade. 

During the tests to trace the cross-channel secondary 
flow on the outer wall, faint traces of hydrogen sulfide 
flowing radially down the trailing edges were noted. These 
traces, coupled with the observation that there seems to be no 
a priori reason for the loss core at the inner wall to be so 
much larger than at the outer wall for these idades (figs. 8 (e) 
and (f)), were considered to indicate radial transjiort of fluid 
at the lower Mach number. One possibility was that 
radial flow in sullicient (luantities to cause part of this 
difference in inner- and outer-wall loss cores might occur 
along the blade suction surface where the ])aint traces 
showed some indication of flow separation. 

It was noted in reference 5 that, once the so-called passage 
vortex is formed as a result of cross-channel deflection, it 
tends to resist turning as it jiroceeds downstream. Therefore, 
the absence of a sizable loss core near the outer shroud at 
this flow condition (lower Mach number) not only indicates 
the presence of radially inward flows of boundary-layer 
fluids, but also possibly indicates that the accumulation of 
houndary-layer fluid at the suction surface does not, in this 
case, roll up into such a well-defined vortex. It is con- 
jectured that the radial pressure gradient serves to prevent 
vortex roll-up by draining the boundary-layer fluid radially 
toward the inner shroud almost as rapidly as it reaches the 
suction surface. 

Radial flows at higher Mach number. —An e.xamination of 
the loss cores in the measuring plane at both conditions 
(figs. 8 (e) and (f)) discloses that the loss region measured 
at the outer wall at the higher Mach number was actually 
smaller than that at the lower Mach number. This result 
was considered evidence that more of the low-momentum 
fluid must flow radially toward the inner wall on the blade 
or in the hlade wake at the higher Mach number. Flow 
visualization by means of paint traces strongly suggests 
that at least part of the incr(‘ased radial flow results from 
the availability of new or larger hub-to-tip radial flow paths 
at the higher Mach number. 

Figure 15 shows for the higher Mach number a line of 
flow discontinuity (or sliock) along the outer shroud from 
the trailing edge of the pressure surface across the channel, 
which continues inward along the suction surface of the 
adjacent blade. The intersection of the flow discontinuity 
and the boundary layer on the suction surface of the blade 
results in a thickened boundary layer. The low viscous 
shear forces in the thickened boundary layer and the ])res- 
ence of a radial pressure gradient provide a region and in- 
ducement for the inward radial flow of low-momentum fluid 
from the outer to the inner shroud. 

Free-llowing-paint tests on voi'tex blade C were conducted 
with results so nearly identical to those obtained for blade 
A (figs IS (b) and (c), mid (19)) that the discussion of 
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those rosiills as present od for blade C is eonsiderc'd eciually 
valid for blade A. 

An enlarged view of the inward radial nioveinent of the 
low-inomentuni fluid at the higher Maeh number is given in 
figure 16. Suetion surfaees and trailing edges are shown. 
In the tests made for this photograph, three blades were 
involved. Strips of paint were applied to the suction 
surfaees of the blades near the inner shroud, at the mid- 
section, and near the outer shroud. The paint traces repre- 
sent the flow of low-momentum fluid in the thickened 
boundary layer resulting from the intei*section of blade 
surface and flow discontinuity, as well as the flow along the 
trailing edge of the blade in the wake. The j)attern also 
shows evidence of backflow in part of this region. 

The shift of the major loss region from the outer part of 
the passage to the inner with increasing Mach number and 
the paint traces of flow at the higher Mach number give 
good indications that low-momentum fluid originating on 
the outer shroud and on the blade surfaces flows radially 
inward along the line of flow discontinuity as well as along 
the trailing edge in the blade wake. The radially inward 
motfon of the low-momentum fluid is accomplished through 
boundary-layer regions of reduced viscous shear lorces in 
the presence of the radial pressure gradient. 

Over-all sketch of secondary-flow paths. -Figure 21 is a 
sketch showing the secondary-flow paths in the annular 
cascade, as indicated by the flow measurements and visual 
traces. According to this sketch, much of the low-energy 
material in a loss core near the blade inner shroud originates 
elsewhere in the passage. Some of it originates on an ad- 
jacent blade and, along with the inner-shroud boundary layer, 
becomes part of this loss core by cross-channel deflection. 
Another portion originates on the adjacent blade near the 
outer shroud. This blade boundary-layer material, together 
with some of the outer-shroud l)oundary layer, deflects across 
the channel along the outer shroud and then flows radially 
along the indicated paths on the blade to become part of 
I he loss core near the inner shroud. 



Fim’RE 21. — Secondary-flow component.^ as indicated by paint and 
hydrogen sulfide traces. Hub Mach nuniber, 1.46. 


EVALUATION OF RADIAL SECONDARY-FLOW COMPONENTS IN BLADE C 
NOZZLE CONFIGURATION 

The investigation described in this section was undertaken 
in an effort to learn more about the origin and the disposition 
of secondary flow^s and, in particular, to verify the j)receding 
indications that flow losses originating at the outer wall com- 


I prise a portion of th(‘ loss(‘s measured at lh(‘ imu'r wall. The' 
I l)lades were modified in an effort to interrupt the secondary 
flows in such a manner as to enable evaluation of their com- 
ponents. The investigation was ])rincipally concerned with 
the effects of various modifications on the radial transport of 
low-momentum fluid to the inner-wall region. (\)iisec|uent 
changes in the size of the loss coi*e at the inner wall were 
used to evaluate the results. 

Preliminary considerations. The reasons for using the 
changes in size of the innei-wall loss cores as criteria for 
evaluating the effectiveness of the modifications ai’c as fol- 
lows. In general, it was observeal that the sheet -metal fences 
on the blades were effective in blocking the radial flows. 
(The criterion applied was the effectiveness in reducing the 
accumulation of low-momentum fluid at the inner wall.) 
Because the fences increased the wetted surface area in the 
flow passage, the modifications themselves introduced some 
viscous losses. Separation of these modification-induced 
losses from the low-momentum fluid interrupted by the mod- 
ifications is not readily feasible. Accordingly, the changes 
in size of the inner-wall loss core ai*e used as criteria for 
evaluating the effectiveness of the modifications and as a 
basis for interpretation of the results. As expected, none of 
the modifications used affected the losses near the outer wall 
under any condition, being '‘downstream’’ of tbe outer wall 
with respect to the radial flows. 

Full-flow-fence modification at hub Mach number 0.94. - 
Only the full-flow-fence modification was used for flows with 
a hub Mach number of 0.94. Comparison of figui’es 9 (a) 
and 8 (e) shows that the flow fences apparently had a neg- 
ligible effect on the inner-wall loss core. Fxamination of 
figui-e 10 (b) also shows this factor in terms of the circum- 
ferentially averaged loss from the inner wall to the fence. 
As noted earlier, the discrepancy in the relative sizes of the 
inner- and outer-shroud loss cores indicates that radial traiis- 
])ort of ])oundary-layer material probably does occur; but 
there was no evidence from these tests at the lower Mach 
number flow to show the location or (juantity of this trans- 
j)ort. However, if it does take ])lace, there are indications 
that it occurs chiefly along the suction surface upstream of 
the flow fence. The losses that appear at the flow-fence 
position, approximately 1.1 inches from the inner wall, evi- 
dently are generated by the fences themselves. 

Full-fiow-fence modification at hub Mach number 1.46.— 
The existence of radial flows that would enable transport of 
low-momentum fluids from the outer to the inner wall was 
investigated, and measurements were made of the quantities 
involved at a hul) Mach number of 1.46. 

The effectiveness of the full flow fence at the higher Mach 
number is demonstrated by a comparison of figures 9 (b) 
and 8 (f). The sharp reduction in size of the inner-wall loss 
core as a result of the flow fences constitutes proof of radial 
flow and transport of low-momentum fluids from the outer 
to the inner wall. By integration, it was determined that 
approximately 65 percent of the losses that appear in the 
inner-wall loss-core region (0.040 to 0.500 in. fi*om the innei* 
wall) come from the neighborhood of the outer wall, by means 
of radial flows in the blade wakes and on that ])art of the 
blade sui'face intercepted by the fence. These estimates ai’c 
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only (jualitativo l)ocaus(‘ of tlu' ])rol)o errors (lisciissc'd in iho 
section on PROCEDURES, hut the ovTU-all j)icture is uninis- 
takahle. The circuinferentially averaged loss, plotted ra- 
dially over on(‘-half tlu' hlade height in figure 10 (e), shows 
the elian^(‘ in loss (list rihut ion ('/fectcal a< various i*adial j)osi- 
tions 1)V th(‘ flow lences. 

The circuinhuH'ntial location at various radial j)ositions of 
the wake in figure 8 (f) indicates undert urniug in the region 
near the huh. Comparison of figiu*e 8 (f) with figures 0 (h) 
and (c) shows that the hlade fences effected a r(‘duction in 
the underturning in this region as w('ll as a reduction in the 
size of the loss core. This real net ion is evidencial hy the 
shift in circumferential position of the loss region near the 
iniuu- wall. Evidcuitly, a large j)art of the und(M*l urning in 
that region of the unmodified cascade is caused hy flow block- 
age' due to llu' accumulalion of low-monu'nl uni fluid. 

Reduced-flow-fence modification at hub Mach number 
1.46. A flirt h('r refinement of the pattern of distrihut ion of 
the low-momentum fluid is provided hy the reduced flow 
fence (fig. 9 (c)), which, hy acting upon the flow in the hlade 
wakes only, enables an evaluation of the uninterru])ted flow 
through the thickened boundary-layer region where the 
shock wave abuts the hlade suction surface. Thus, of the 
low-momentum fluid that accumulates in the loss core at the 
iniK'r wall, about 30 percent is derived from radial flow 
through the strij) of thickened hlade boundary layer and 
about 35 jiercent from flow through the hlade wake. 

It is further shown that, in this |)articular cascade of nozzle 
blades, the thickened boundary-layer region is comj)arahle 
in size to the hlade wake. This fact is evidc'iit from consider- 
ations of the static-j)ressure gradients and the fluid densities 
involved, which are not greatly different in the two regions. 
Thei’efore, the (piantities of flow thi'ough these regions are 
established as measures of the com|)arative sizes of thickened 
boundary layers and blade wakes. 

3/i6-Inch-notch modification at hub Mach number 1.46. — 
A *KR-inch notch cut into the trailing edge of the hlade (fig. 9 
(d)) was not deep (‘nough to intersect the thickened houndary- 
layc'i* strip on the hlade (fig. Hi). The notch was intended to 
accomplish the same reduction of the inner-wall loss core as 
the flow fence hy providing a discontinuity in the flow path 
of low-momentum fluid on the hlade trailing edge. It aj)- 
peared likely, because of the i‘a|)id dissipation of the wake 
downstream of the trailing edge below the notch, that low- 
momentum fluid flowing from the outer wall would he swe])t 
downstream at the hlade notch. This modification failed 
notably to disrupt the blade-wake radial flow. Instead, the 
blade wake and the attendant radial flows remained attached 
to the trailing edge. The shift in ])osition of tlu' loss core in 
figure 9 (d) (cf. fig. 8 (f)), without appreciahh' change in 
size, su|)ports this contention. 

Furthermore, it can he seen from figure 9 (d) that a few 
new losses were generated at the trailing-edge discontinuity, 
1.1 inches from the huh. It might well have been antici- 
pated that tlu're would he a large flow from the pressure 
surface to the suction surface along the toj) edge of the notcli 
in the manner of tlie tip-clearance losses descrihi'd in figures 


35 and 36 of I'eference 5. In these vortex blades, however, 
the turning is accomplished early, and the ^(f-inch notch is 
in the region where the blades jirovide mainly guidance' and 
where little further tui’iiing of the main flow is involved. 
Tlie over-all average loss for the 'Xfi-iiH'h-ootch modification 
is thus incre'ased hut slightly over that of tlu'- unmodified 
blades. 

3/8-Inch-notch modification at hub Mach number 1.46. 

A %-inch not(*h in the hlade trailing edge, which was deej) 
enough to jicnetrate the region of the hlade where turning 
is involved, intersected the thickened boundary layer caused 
by the shock wave in the ])assage. From the position and 
size of the losses at 1.1 inches from the innei* wall (fig. 9 (e)), 
it is evident that the notch caused underturning. From the 
large increase in losses at the inner wall (cf. fig. 9 (d)), it 
must ])e concluded that lai-ge losses an' generateil })y ilow 
from the blade j)ressurc surface to the suction surface at the 
top of the notch and that these then flow radially to the iniu'r 
wall. 

Remarks on secondary flows in blade C nozzle confi- 
guration. -The following results were obtained at hub Mach 
numbers of 0.94 and 1.40 in an investigation of an anTiular 
cascade of turbine-nozzle blades designed for a free-vortex 
distribution of velocity with a discharge angle of approxi- 
mately 05°: 

(1) High loss regions were found at the junction of the 
blade wakes and shroud boundary layers tor the two Mach 
numbers. The inner-shroud loss region was much larger 
than the outer-shroud loss region. 

(2) The over-all integrated blade eflicieiudes wei’e 0.99 
and 0.98 in order of increasing Mach number. Although 
these efliciencies are high, they are not a good index of blade 
performance, as the high loss regions and angle gradients 
occurring along the suction sidi' of the blade and inner shroud 
where diffusion is the greatest could result in flow instability 
and induce additional viscous losses and angle gi’adients. 

(3) Angle gradients were small for the lower Mach number 
run; however, they increased with increasing Mach number. 
Circumferential angle gradients of 13.0°, 5.4°, and 4.0° at 
radial distances of 0.2, 1.0, and 2.0 inches from the inner 
shroud, respectively, led to local variations in rotor blade 
angle of attack of 10.9°, 0.0°, and 1 1 .3° for the higher Mach 
number run. 

(4) In the ivgioii of high velocity gi’adients (|)articnlarly 
in the loss region near the inner shroud and for the higher 
Mach number) the accuracy of measurements of pressure 
and flow angle may be limited, and the interpretation of these 
im'asurements should l)e made' with can'. 

(5) Secondary flows are largely resj)onsibl(' for the distri- 
))ution of los.ses noted downstream of the blade row. Tlie 
major i*('sult of the secondary-flow mechanism in this investi- 
gation was the foianation of an inner-wall loss core. 

(fl) vSecondary flows can be intercepted by simple barriers 
in the flow paths of the low-momentum fluid. Thus, the 
degree of underturning at the inner wall caused l)y blockage, 
which is a result of the loss accumulation by the secondary 
flow, can !)(' n'ducc'd. 
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(7) Tlu‘ iniior-wall loss coro is an acciuuulalioii of losses 
which foj* the most pai’t originate elsewhere in the ])assage. 
On ])aths heading to the loss region in the corner hounded 
by the blade suction surface and the hub at the blade trailing 
(‘dge, low-momentum fluid is transported across channels to 
the suction surfaces in the wall boundary layers and radially 
inward in the blade boundary layers and in the blade wakes. 
At a hub Mach numbei- of 1.4(), the radial flows in the blade 
wake and the thickened boundary layer on the suction sur- 
face accounted for api)roximately 65 percent of the loss core, 
about 35 percent resulting from flow in the blade wake, and 
about 30 percent from flow in the thickened boundary layer. 
At a hub Mach number of 0.94, no information concerning 
radial flow in the wakes was obtained directly. 

SECONDARY FLOWS IN BLADE A NOZZLE CONFIGURATION 

Loss distribution. -The loss contours for blade A are sim- 
ilar to those for blade C to a noteworthy degree. Accord- 
ingly, the discussion of the loss contours obtained with blade 
C can be considered eciually aj)plicable to blade A. 

Loss contours (fig. 8 (a)) at Ihe lower Mach numbei- for 
blade A indicate an outer-shroud loss region distributed over 
a ])ortion of the wake in such a way as to suggi'st that, at the 
measuring iilane, i-adial jiressure gradients had forcial its 
movement toward the inner shroud, but that its through-flow 
coinj)onent of velocity was such as to jirc'vent a large jiai’t 
from actually reaching the inner shroud. Indications of the 
same kind of boundary-layer flow behavior at low flow Mach 
numbers are seen in the photographs in figures 20 (c) and (d). 

The inner-shroud loss region under these conditions is 
composed of inner-shroud boundary-layer air with the addi- 
tion of some low-momentum air reaching it by radial flow 
from the blade-surface boundary layer, and the measured 
wake is a combination of profile loss with some low- 
momentum air reaching it by i-adial flow from points nearer 
the outer shroud. 

At the higher Mach number, th(‘ flow is differi'iit, mainly 
because of the additional path for radial flow pi-ovid(‘d by 
shock-boundary-layer thickening on the blade suction sur- 
face (fig. 19). This seems to allow the greater part of the 
outer-shroud loss region to reach the innei- shroud and com- 
bine with inner-shroud losses to form the large' region of 
low-momentum fluid that appears in figure 8 (b). 

The mass-averag(‘d loss curves (fig. 10 (d)) indicate a 
greater loss throughout the mainstream for the higher than 
for the lower Mach number, even though the contour plots 
show that the wake is smaller. Reference to the original 
data gives the reason for this diflerenci'. At the higlu'r 
Mach number, the loss distributed through the passage out- 
side the wake is api)reciable (about 1 percent), whereas it is 
negligible at the lower Mach number. This implies that at 
the higher Mach numl)er a mild general flow disturbance 
exists in the exit air from the passage. 

Secondary-flow patterns. — ^As a rc'sult of secondary flow 
for blade A, the low-momentum air in the shroud boundary 
layers tends to move across the passage from the jiressuri' 


surface toward the suction surface and to accumulate in the 
corners between shroud and suction surface. This move- 
ment is indicated by the hydrogen sulfide traces of figures 18 
and 19 and the loss-contour plots of figures 8 (a) and (b). 

Radial iiressure gradients also exist in an annular cascade 
of nozzle blades and will drive low-momentum fluid radially 
to the inner shroud wherever a region of low through-flow 
velocity provides a complete path. The paint traces of 
figures 18 (c) and 19, for example, show indications of such 
paths. At the lower Mach number in figure 18 (c), the paint 
has been swept in along the trailing edge of the blade. At 
the higher Mach number in figure 19, an additional path is 
indicated on the suction surface of the blade near the trailing 
edge. This |)attern of secondary flow in blade A is thus 
(luite similar to that obtained for blade C. Ik'cause a com- 
parison of blades A and C indicates that secondary-flow 
difrerences are small, it appears that the choice of blading 
(vortex or constant discharge angle), based solely on second- 
ary flows, is of negligible concern. 

SECONDARY FLOWS IN BLADE B NOZZLE CONFIGURATION 

Loss distribution. -As noted in the RESULTS section, 
the loss contours for blade (figs. 8 (c) and (d)) are consider- 
ably different from those for blades A and C (figs. 8 (a), (b), 
(e), and (f)). Not only the large size but also the regular 
shape of the loss region near the outer shroud downstream 
of nozzle blade B at the lower Mach number is noteworthy 
(fig. 8 (c)). The symmetric high loss region closely sur- 
rounded by regions of considerably lower loss indicates 
(jualitatively the existence of a core of low-momentum fluid, 
j)ossibly a flow vortex. 

The combination of large outer-shroud loss core, com|)ara- 
tively small wake, and comparatively small inner-shroud 
loss core at the lower Mach number indicates relatively little 
radial flow for blade B at these conditions, llowevi'r, at 
the higlu'r Mach number for blade B, the existence of con- 
si(h'rabl(* radial flow is indicated by the large inner-shroud 
loss region and tin* reduction of the outer-shroud loss cori' 

(fi^. S hi)). 

Secondary-flow patterns. -The hydrogen sulfide and paint - 
trace flow-visualization techniques were not yet employ (‘d 
at the time the data for blade B were obtained. Neverthe- 
less, it can be stated that the familiar pattern of cross-channel 
boundary-layer flow accumulation near the suction surface 
and large radially inward flow at higher Mach numbers 
ai)plies e({ually well to blade B as to blades A and C. How- 
ever, within this broad framework there are notable differ- 
ences between the results obtained for blade B compared 
with those for blades A and C. The diflerences in loss dis- 
tribution wen' noted in the |)receding section and in RE- 
SULTS. Also noted in RESULTS were the considerable 
differences in blade boundary-layer behavior between blades 
A and B as indicated by smoke flow tests (fig. 20). These 
differences are correlated with differences in blade velocity 
profiles in a later section. 
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( OMPARISON OF DISC H ARCiK-ANOLK DISTRIBUTIONS OF BLADES 
A. B. AND C 

For all (hivu hladus at tho lovvc'r Mach niimh(M*s, llu' gra- 
dients of deviation of the discharge angles from design are 
(juite small ovim* most of the flow jiassage (tigs. 11 (a), (e), 
(('), and 12 (h)). Furthermori', the eireiimferent ial mass- 
averagc'd flow angles (tig. 12 (h)) are close to th(' (h'sign 
angles except near the shrouds. 

For the higher Mach numbers (tigs. 11 (h), (d), (f), and 
12 (e)), how(‘V('r, discharge-angle gradients distributed in 
the mainstream are increased. This etl'eet is expected if, as 
suggest(‘d |)reviously, there is an increasing geiu'ral flow 
(list urhanec' throughout the entire passage with increasing 
Mach numl)er. As notcal in the RESULTS station, tlu‘ 
d('ereas(‘s in mass-averaged flow angles I'clative to (h'sign 
values were more |)ronoune(‘d near the inner shroud at th(‘ 
higher Mach numbers; whereas, near the outer shroud, the 
decreases were' smaller for the higher Mach numbers. This is 
attribut('d to a eombination of Prandtl-M(‘ver tyj)e exjiansion 
otf the blade ti'ailing edg(‘ (amounting to 5° at a Mach num- 
ber of 1.25) and increased aeeumulat ion of low-momentum 
fluid near the inner shroud, which ('tfeetively bloek(‘d the 
flow and indue(‘d an increase in axial veloeitic's in the im- 
mediate vicinity. Underturning iuul overturning of this 
magnitude iT'sult in rotor blade angh‘s of attack that would 
cause a noticaaible d(‘t(‘rioration in jierformanee. In this 
eomuH’tion, it is noted that for blade U a nozzle diseharg(‘- 
angle variation of 13.()° near the inner shroud led to a varia- 
tion in rotor blade angle of attack of lb. 9° and a resulting 
loss of 1.5 percent of eiu'rgy based on tangential eomj)onent 
of velocity. 

Large angle gradients were found in the shroud boundary 
layers, also, where overturning aj)pears because of cross- 
channel secondary flows. 

C:ORRELATION OFSEC ONDARY-FLOW PATTERNS WITH VELOCITY PROFILE 
OF BLADES A. B. AND C' 

Results obtained from the investigation of the three tur- 
biiK' nozzh' blade types show how the different accumula- 
tions of loss, the diff(‘rent wake plu'nomena, and the differcuit 
visual indications of secondary flow may jiossibly b(‘ cor- 
rida ted with ea(di other and with the blade shap(‘s and veloc- 
ity profih's. For example, in figure 8 (c) the presence of a 
sizable loss core (sugg('stive of a flow vortex) is noted for tlu' 
low('r Ma(di number near the outer shroud downstream of 
nozzle blade H. By comparison, figures 8 (a) and (e) 
prescuit the loss contours for the lower Macdi numbers for 
blad(‘s A and C, in which such large outer-shi-oud loss coit's 
do not appear. It is clear that the secondary flows that 
result in two such different loss-distribution j^atterns must 
themselves be considerably different. The reasons for these 
(liff('r(‘ii(‘es are discussi'd ({ualitatively in this section. 

Th(‘ discussion falls into three main j)arts. First, suction- 
surface velocity profiles are discussed and differenci's are 
not(‘d in the boundary layer near the tij) of blade B as com- 
par(‘d with th(‘ other blade tvjies. Tluui, th(‘ jirobabh' (df(‘cts 
of th(‘se boundary-layer differences upon tlu' behavior of the 
cross-(diannel secondary fknvs at the outer shrouds are con- 


sidered. Finally, tlu'se considerations are shown to account 
for the differtmees in extent and magnitiuh' of the wake losses 
measured behind the different kinds of blades and to provide 
an insight into the ])hysical significance of such wak(’ 
imaisurements. 

Velocity profiles. — Suction-surface velocity jirofih's are 
plott(‘d together for the thri'e blades for hub, mean, and tip 
s(H*tions in figures 2 (a), (b), and (c), r(\spectively. Mean- 
section blade sha|)es ai’e also shown in figure 2 (b). Tin* 
profile's were computed in each case for di'sign (subsonic) 
Mach number. At other Mach numbers (at h'ast in subsonic 
cas('s), velocity maximums and minimums might be expected 
to a])|)ear in similar locations. 

For blade's A and U, the jirofile i)lots she)w no sharp vedoc- 
ity peaks over the' surfaea' of any see’tiein. The blade 1^ 
profile at the hub see*tion, while not se> smooth as the profile's 
of blaeh's A anel U, has only one maximum anel might be 
e'X|)ee*teel to pre)eluce a fairly smooth flow. However, at 
the mean and |)articularly at the tip se'ctions, blaele B has 
jirofiles with two and three maximums, respe'ctively, anel 
each j)eak inelicate's a sudden change in velocity at one point. 
This neinuniformity may be actually greater than indicate'd, 
beeauise the caleudat ion methods based on differencing jire)- 
cedure's and on rcjire'sentat ion of flow functions at a fixed 
numbe'r of |)oints have a tenelency to smooth the' curve's and 
the'reby to re'duce the magnitude of all e*om|)ut(‘d velocity 
peaks. Such irre'gular jireifiles might reasonably be eLxpeeteel 
to e*ause a differenea' in boundary-layer behavior betwe'en 
blaele B anel the e)ther two blades by causing flow separation 
or unusual boundary-layer growth on blaele B. 

Boundary layers. -The effects of blade sha])e anel veleicity 
preifile on blade-surface boundary layer as elescribed were 
shown visually by the smoke-injectie)n studies. Figure's 
20 (a) anel (b) for blade B indicate the presence of a large 
se])arateel re'gion e)ii the suction surface of the blade where the 
tij)-section velocity profile could be e'X|)e‘cteel to affe'ed the 
bounelary layer. Apparently, the flow ])ath folleiwe'd by the 
smoke anel ae*e*e)in|)anying low-momentum air die! not actually 
reach the inner shroud in the vicinity e>f the trailing e'elge. 

Fm- blade A, having a smooth velocity ])rofile, figure 20 (c) 
shows flow be'havior indicating that the bounelary layer on 
the blaele suction surface was thinner than for blaele B anel 
was not separated. 

Vortex formation. — The elifb'rence' betwee'ii blade suction- 
surface bounelary layers previously inelicated may be a basis 
for the eliffei-ence between the larger outer-shroud loss re'gion 
for blaele B and the much smaller eiuter-shroud loss re'gions 
for the other two blaeh'S. For blaele B, the separateel flow 
near the outer shrouel provieh'el the conelition reejuireel for 
formation of an a])pre‘ciable vortex. That is, the outer- 
shrouel bounelary-laye'r air flowing into such a re'gion might, 
anel for blaele B apparently eliel, roll up into the passage 
vortex type of flow* described in reference 5. Once formed, 
the vorte'x re'sisteel turning (red. 5), tended to maintain its 
direct iem e>f flow, anel passed inte) the wake near the outer 
shreiud, whe're measurements showe'd t he presence' of a sizable 
loss core. 
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At the higher Mach iiuinber for hhule B, the additional 
radial flow path provided by the thickened boundary layer 
on the blade suction surface due to shock formation in the 
passage serves to drain off more of the low-momentum fluid 
toward the inner shroud. This action effectively reduces the 
magnitude of the roll-up into a passage vortex. 

No evidence of appreciable passage vortex formation near 
the outer shroud was observed for blades A and C, for which 
the blade boundary layers are thinner, as has been j)ointed 
out. The greatest portion of the low-momentum fluid orig- 
inating along the outer shroud was swept radially inward 
into the wake and, therefore, was a contributing factor for 
the increased wake losses as compared with blade B. Also, 
for blades A and C, the part of the low-momentum fluid 
reaching the inner shroud contributes to the greater size of 
the inner-shroud loss n'gion compared with that of the 
outer shroud. 

Thus, the results suggest that passage vortex formation of 
measurable magnitude may not take place under all secondary- 
flow conditions, but only in those cases where blade shape 
and velocity profiles are such as to cause development 
of boundary-layer separation and stagnation regions exten- 
sive enough for the purpose'. 

Wake losses. — The |)henomena descrilx'd indicate an in- 
ward radial transfer of a smaller fraction of low-momentum 
fluid from the outer to the inner shroud for blade B than for 
the other blades. Thus, a smaller amount of low-momentum 
fluid from the outer shroud was found in the wake for this 
blade than for the others, as shown on the contour plots in 
figure 8. The magnitude and extent of wake loss behind a 
blade may, in some measure, be an indication of the radial 
flow taking place at the trailing edge or on the blade suction 
surface. Substantiating evidence is also indicated by the 
results of the study on blade C at the higher Mach number 
(figs. 8 (f) and 9 (b)), in which a flow fence was used to inter- 
rupt these radial flows. With the radial flow from the upper 
half of blade C interrupted at midspan, the loss measured in 
the wake from the lower half of the blade was reduced 
considerably. 

At the lower Mach numl)cr, the loss accumulation for blade 
B near the inner shroud has roughly the same magnitude as 
for the other two blades. However, for blade B, with little 
radial flow, the greatest percentage of this loss must originate 
from the inner-shroud boundary layer. For the other blades, 
the measured inner-shroud loss region is a combination of 
inner-shroud loss and loss transferred radially in the wakes 
from the outer shroud. Barring radial flow, therefore, blades 
A and C would have smaller inner-shroud loss regions to 
compare with that of blade B. 

Circulation. —The differences between the types of span- 
wise circulation distribution for the three blades were small. 
Furthermore, the total variations in circulation over the 
major portions of the blade spans are small compared with 
the changes in circulation in the blade-end boundary-layer 
regions. These circumstances make it difficult to judge, 
from the investigations of these blades, how spanwise varia- 
tion in circulation affects secondary-flow ])at terns and loss 
distribution. 


SUMMARY OF RESULTS AND CONCLUSIONS 

The following results and conclusions were obtained from 
a study ol secondary flows and loss accumulations in annular 
cascades of turbine nozzle blades of three ditferent designs: 

1. Two blade configurations (constant-discharge-angle 
blade A and vortex blade C, both with smooth suction-surface 
velocity profiles) showed the same secondary-flow patterns, 
namely, a cross-])assage boundary-layer flow on the shrouds 
from pressure surfaces to suction surfaces and radial flow 
inward along the trailing edges of the blades. In addition, 
at supersonic conditions, radial flow took place inward along 
the suction surface through a strip of the boundary layer that 
had been thickened by shock interaction. These effects 
result in a pronounced accumulation of low-momentum air 
near the inner shroud and a greatly reduced outer-shroud loss 
region. At one flow condition (hub Mach number, 1.4()), 
the radial flows in the blade C wake and the thickened bound- 
ary layer on the suction surface a(*count('d for ap|)roximately 
()5 percent of the loss core, about 35 percent resulting from 
flow in the blade wake, and about 30 percent from flow in 
the thickened boundary layer. 

2. For these two blade configurations (A and C), measured 
loss magnitudes and distributions were ajipi’oximately the 
same, and no extreme discharge-angle gradients were ('ii- 
countered in the measuring |)lane. 

3. The over-all integi*ated blade efficiencies were 0.99 and 
0.98 in order of increasing Mach number for blade (\ Tlu'se 
efficiencies are not a good index of blade ])erforniance, 
because, while the energy loss involved in secondary flow is 
not large, the accumulation of large loss cores near the inner 
shroud where the diffusion is the greatest results in flow block- 
age there. This blockage gives rise to large flow-angle 
deviations, which, in turn, trigger additional losses in down- 
stream blade rows. 

4. wSecondary flows can be intercepted by sini|)l(‘ bariiers 
in the flow paths of the low-momentum fluid. Thus, the 
degree of underturning at the inner wall, caused by blockage 
resulting from the loss accumulation by the secondary flow, 
can be reduced. 

5. Comjiarison of the two sets of blades having smooth 
velocity profiles (A and C) with a set (constant discharge 
angle) having irregular suction-surface velocity ])rofiles (B) 
shows that losses in general were greater and more con- 
centrated for the blades with poorer velocity profiles. For 
this blade configuration (B), a passage vortex was apj)arently 
formed that carried a large loss region downstream near the 
outer shroud. At the higher Mach number, this blade con- 
figuration showed indications of radial flow of large amounts 
of low-mometum fluid to form a large loss region near the 
inner shroud, accomj)anied by severe discharge-angle 
gradients. 

6. The blade flow conditions that contribute to the for- 
mation of a ])assage vortex near the outer shroud appeal* to 
be blade boundary-layer thickening and separation, which 
are produced by irregular suction-surface velocit}^ profiles. 
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7. Magnitude' and ('xtont of ])lade wakes is de])endent 
ii])on secondary-flow conditions. The loss measured in the 
wake at any radial ])osition is a eoinhination of profile losses 
and low-inoinentuin air (lowing i-adially inward from ])oints 
neai’cr the outer shi’oud. Thus, the blade configuration 
having little tcuidency for i)assage voidex formation has, as a 
result, more ])i’onounced wakes. 

8. Because of the similarity between loss magnitudes and 
(list rihut ions and between secondary (lows for the two blade 
configurations having smooth velocity profiles (constant- 
discharge-angle blade A and vortex blade C), it ap])ears that 
on the basis of secondary flow alone there is no reason to 
choose one of the two blade ty])es j‘ather than the other. 


The diflerence in the variation of design s])anwise circulation 
for the two is small, and the large houndary-laycT and 
secondary-flow effects seem to mask any effects that may 
exist because of the main-span circadation differences. 

9. In the region of high velocity gradients (iiarticularly in 
the loss region neai* the innei’ shroud and for the higher 
Mach numher), the accuracy of measurements of jiressure 
and flow angle may he limited, and the interpretation of 
these measurements should he made with care. 

Lewis Flicht IhiopuLsiON Lahou.vtokv 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, SO, 1953 


APPENDIX 

APPLICATION OF HOT-WIRE- ANEMOMETER PROBE 


PAUALLEL-WIK?: PROHE 

The hot-wire ])robe for measuring flow angles in the 
main part of the air stream consist('d of two wires (of 80 
percent ])latinum and 20 percent iridium) mounted in spatial 
and electrical ])arallelism. The wires were sujiported on 
two Incomd ])i‘ongs with their h'ligths ])er])endicular to the 
air stream and pai'allel to the axis of the ])rohe and rotation. 
The alinement of the wires with the air stream was detected 
electrically by observing the maximum in ])otential (Imp 
wh(*n the downstream wire temi)c'rature naiched a ])eak as a 
iTsult of receiving heat by convection through the wake 
from the ipistivam wire. 

The electrical (Hpiiiinuait us('d for the dis(‘harge-flow-angle 
investigation with this hot-wire-anemomet(‘r probe consist(Ml 
(essentially of a bridge circuit, a dir(ect-curi*ent ])ower su])])ly 
with which the current could be easily adjust(‘(l over a con- 
tinuous rang(‘, a direct-current voltage ami)lifi(‘r, and a volt- 
met('i* for indication of the bj*idg(' oul|)ut voltage. A ])i-()b(‘ 
actuator with a])i)ro])riate switching ari-angi'iiK'iit was us(‘d 
to control th(‘ angular oiFmtation of tlu' hot-wir(‘ array with 
the air flow. The circuit employ(Ml in obtaining angh‘ data, 
as W('ll as the tlu'ory and |)rocediuxe, is discuss(*(l in i-eference 8. 

A compromise among wire s(‘iisitivity, effects of j-adial 
angle gra(li('nts, and wire life determined the size of the 
wii‘('s used for the investigation. A satisfactory wire life in 
th(‘ filter(‘d-air su])])ly limited the wire diameter to a mini- 
mum of 0.()()()9 inch. The wire huigth was ke|)t small 
(O.OTo in. or h'ss) to reduce the effects of radial angle gi’adi- 
(‘iils. In si)ite of the small length, the (‘Xlrenudy small wiiv 
diameter as coinjiaiTHl with wire hmgth iTsulted in a largo 
wire length-t()-dianiet(T ratio and hel|)ed to increase the 
angle sensitivity and to minimize the eff(‘cts of the supjiorts 
on the wire op('ration. The wire op(‘rating tem])(‘ratui*e of 
ai)proximat(dy 200 ° C and wire sjiacing of O.OOo inch gave 
good S(‘iisitivity. 

Wii'c damage from collision by dirt ])articl(‘s in tlu' air 
su])i)ly either made the ])i-obe inojierative or chang(‘d the 
original wire orientation, thereby changing the referema'- 


angle calibj*ation. Fre(|U(‘nt clu'cking of a iirevious data 
()oint was therefoiv ('ssential to ])rev(‘iit data erj'ors resulting 
from change in wire orientation due to wire damage. 

AVhen the ])air of heated wire's was alim'd with the air 
sti-eam, notation of the reveisals of the change of bridge 
out|)ut voltage was made visually. S(‘V(*ral reversals were 
usually made to obtain an accurate angle value. The 
variation in a set of readings was on the order of ±0.5° for 
most series. 

V-WIKE PRO RE 

The i)robe consisting of a ladially mounte'd iiaralh'l ])air 
of wire's was thought to be unsuitable for boundary-layer 
me'asurements near the inner shi'oud, because' large nonuni- 
fonn radial angle gradie'iits e'xist in this boundary layer and 
also lu'cause the wire levngth limits the minimum radial dis- 
tance betwe'en surve'y ])oint and imu'r shi-oud to about 0.035 
inch. Therefore, a V-wire‘ ])i'ob(' was constructed vv’ith wire's 
of the' same mate'rial as the' |)ai-all(‘l-wire pi-obe mounte'd in a 
|)lane' pe'rjH'ndicular to tlu' |)re)b(‘ axis and j)ai*allel to the 
shroud surface' in tin' vicinit\ of the* me'asui-ing point. In 
operation, a i-(‘i)r()ducibl(' oi ie'iitat ion of th(‘ wire's with 
re'SjH'ct to the' air-flow dii’e'ction was obt aim'd by rotating 
them about the probe' axis until the' re'sistance' ratio of the 
two wire's with conve?ctive heat loss due to the' air stream 
was the' same as their re'sistanci' ratio with no convective 
lu'at loss. The' ])roc(‘dur(' involve'd obtaining an angle; 
re'aeling for this I'otativi' |)()sition at a ])oint whe're' the' flow 
direction was known and compaiing angle re'adings at othe'r 
])oints with this known angle. 

The ele'ctri(‘,al eepu])ment used with the V-wire probe was 
essentially the same as with the iiaralh'l-wire iirobe, except 
that the two wire's were balanced against each other rather 
than against a constant re'sistance. Also, a sensitive 
galvanometer was used as an indicating instruiiK'nt instead 
of the amplifier-voltmeter combination i-eepiire'd for the 
parallel wiivs. 

As in the use of the j)arallel wiivs, freepieiit checking of a 
])revious data ])oint was lU'ce'ssary to detect wire damage 
immediately and thereby avoid data eri'ors. 
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TABLE L— NOZZT.E BLADE PROFILE COORDINATES FOR 

BLADE A 

(a) Profile coordinates. 



Section 


Root 

•M (*an 

Til) 

A', 



Radius, 



in. 








5.9:i‘.) 

7.003 

8.122 



Ft/, 

Vl, 

Fr, 

F/., 

Yu, 


in. 

in. 

in. 

in. 

in. 

in. 

0 

0. 030 

0. 030 

0. 040 

0. 040 

0. 0.50 

0. 0,50 

. too 

. 02,') 

. 183 

.022 

.197 

.021 

.213 

.200 

.004 

.232 

. 007 

.2.58 

. 009 

. 280 

. :i(H) 

. 090 

. 2.50 

. 099 

.28.5 

. 104 

.318 

.400 

. 10.') 

. 240 

.119 

.292 

. 131 

. 131 

. .'itH) 

. no 

.229 

. 131 

. 2H3 

. 149 

. 33,5 

. (KK) 

. 10.5 

. 201) 

. 133 

. 200 

. 1.58 

.324 

.7(K) 

. 093 

. 177 

. 120 

. 242 

. 1.57 

. 304 

.8(K) 

.077 

. 140 

. 11.5 

.213 

. 1.51 

.280 

.tHK) 

. 0.5S 

. 11,5 

. 101 

. 18.5 

. 140 

.2.54 

l.(KK) 

. 030 

.084 

.oh;i 

. 1.50 

. 127 

.227 

1. 100 

.013 

. 0.53 

.004 

. 127 

.111 

. 198 

1. 173 

.017 

.017 





1.2(K) 



. 042 

. 098 

(093 

.170 

1.3(K) 



. 020 

. 009 

.073 

. 142 

1.409 



. 022 

. 022 



L.'iOO 





.029 

.084 

1. (HX) 





.(K)4 

. 0.5.5 

1. 042 





. 02.5 

. 025 


(b) Stack irifj coordinates. 

y 




A', 

in. 


Root 


0. 071 

0. 073 


.100 


6.162 

.128 




.:185 

.1^5 


.414 


. 205 

.442 



.075 

.140 


.705 


. 170 

.7:13 




Section 


Mean 


Y, 

in. 


Tip 


V, 

in. 


0 . m 


40 ^ 58 ' 

L 


32 


REPOKT 1 I (58 — NATIONAL ADATSORY COMMITTEE FOR AERONAUTICS 


TAHLK II. -NOZZLE BLADE PROFILE COORDINATES FOR 

BLADE B 

(:i) Profile coordinates. 



Section 


Root 

Mean 

Tip 

V 



Radius, 



in. 



in. 










.5.939 

7.003 

8.122 


yL, 

Pc, 

Pc, 

in. 

1 P/A 

Pc, 

1 Vv, 


in. 

in. 

in. 

in. 

\ in. 

0 

0. 083 

0. 083 

0. 099 

0. 099 

0. 117 

0. 117 

. 12.T 

.001 

.248 

.004 

.279 

.0(K) 

.304 

. 22f) 

. 0.52 

.280 

. 045 

.327 

.037 

.301 

. 32r. 

.079 

.297 

.080 

.347 

. 070 

. 393 

. 42.') 

. 09f) 

.291 

. 102 

.351 

. 100 

. 400 

. .')2.5 

. 104 

.275 

. 115 

.342 

. 124 

.403 

. C)2.'’) 

. 10.5 

.249 

. 121 

. 325 

. 133 

. 392 

. 72.*) 

. 099 

. 210 

. 121 

.300 

. 138 

. 370 

. H2r> 

.08.5 

. 177 

. 114 

. 2r.8 

. 138 

. 351 

. 925 

. 003 

. 133 

. 101 

.231 

. 131 

.321 

1.02.5 

. 03.5 

.080 

.081 

. 189 

. 118 

. 280 

1. 12.5 

. (K).5 

.038 

. 059 

. 144 

. 100 

.247 

1. 1.57 

.013 

.013 





1.22.5 



.035 

. 100 

.081 

’.'204 

1.32.5 



.009 

.052 

.058 

. 158 

1.373 



.017 

.017 



1.42.5 





.035 

.114 

1..52.5 





.011 

. 005 

1..592 





. 020 

. 020 


TABLE III. -NOZZLE BLADE PROFILE COORDINATES FOR 

BLADE C 

(a) Profile coordinates. 





Section 




Root 

•Mean 

Tip 

A', 



Raciiiis, 



in. 



in. 




5.939 

7.(M)3 

8.122 


Pc, 

P/A 

Pc, 

PCA 

Pc, 

P//. 


in. 

in. 

in. 

in. 

in. 

in. 

0 

0. 038 

0. 038 

0. 059 

0. 059 

0. 082 

0. 082 

. 100 

.032 

. 183 

.010 

. 210 

.002 

. 238 

. 2tK) 

.089 

.237 

.071 

. 207 

.047 

.292 

.300 

. 130 

. 204 

. 109 

.292 

.087 

.320 

. 400 

. 15;i 

.208 

. 134 


.117 

.311 

.500 

. 100 

.257 

. 147 

. 293 

. 138 

.329 

.000 

. 154 

. 234 

. 152 

.279 

. 151 

.319 

. 700 

. 139 

. 200 

. 149 

. 259 

. 159 

.303 

.800 

. 110 

. 174 

. 140 

.235 

. 159 

.283 

.900 

.087 

. 138 

. 124 

. 207 

. 153 

.260 

1.000 

. 055 

.099 

. 104 

. 177 

. 142 

.234 

1. 100 

.020 

.058 

.082 

. 145 

. 127 

.207 

1. 172 

.017 

.017 





1.200 



. 050 

. 112 

. 109 

.180 

1.300 



.030 

.079 

.089 

. 152 

1. 4(X) 



. 001 

.044 

.007 

. 123 

1.428 




.020 

.020 



1.500 







.043 

.095 

1.000 







.019 

. 007 

1.097 

— 

— 

— 


.022 

. 022 


(b) Stack iiiK coordinates. 


Y 



A', 

in. 

Section 

Root 

Mean 

Tip 

r, 

in. 

r, 

in. 

Y, 

in. 

0. 200) 
. 325 
. 385 
.440 
.505 
.025 
. 700 
. 820 
. ‘MO 

0. 107 



0.210 


. 175 



0. 252 
. 200 

. 143 

.218 

. 180 

.208 




(b) Stacking coordinates. 


A', 

in. 

Section 

Root 

.Mean 

Tip 

r, 

in. 

r, 

in. 

r, 

in. 

0. 005 

0. 074 



.094 


0. 102 


. 122 



0. 130 

.o;i8 

. 192 



.007 


.220 


. 095 



. 248 


Y 
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